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Abstract
The application of environmental life cycle approaches to industrial 
pollution control and policy-making: A case study of the glass industry. 
Abstract
Over the past decade, policies for industrial pollution control have become increasingly 
holistic, motivated by the international drive for Sustainable Development. Within this 
context there has been increased recognition for the need to consider all impacts 
associated with the provision, use and disposal of products, processes and services. This 
has lead to the application of life cycle approaches to ensure that all environmental 
impacts are identified, from ‘cradle-to-grave’, thus ensuring that the reduction of burdens 
at one point in a system is not achieved at the expense of an increase in burdens 
elsewhere. The research has used the glass industry for case studies to demonstrate a 
series of new concepts, which support the integration of life cycle approaches into policy 
and decision-making processes, both for the regulation of industrial installations and for 
the wider policy and decision-making arena.
Life Cycle Policy Mapping (LCPM) is a novel technique, which has been developed in 
this research to promote the analysis of the scope and the impacts of environmental 
policies. It has been recognised that regulatory and fiscal measures have been developing 
to cover all areas of a product’s life, from cradle-to-grave, i.e. Integrated Pollution 
Prevention and Control (IPPC), Producer Responsibility, Waste Management Licensing, 
Aggregates Tax, Landfill Tax and the Climate Change Levy. LCPM facilitates the 
analysis of the combined influence of these policies over the life cycle and thus promotes 
a co-ordinated approach to environmental policy making.
With respect to the process industries, it has long been recognised that there is a 
requirement for the integrated control of emissions to air, water and land. The IPPC 
Directive extends this philosophy to include issues such as energy and raw material use 
and the off-site disposal of process waste. It has been proposed and demonstrated within 
the research that a cradle-to-gate Life Cycle Assessment can provide an integrated 
methodology for the determination of Best Available Techniques, to ensure protection of 
the environment as a whole. Glass industry case studies are used to demonstrate how 
choice of technology and process design parameters can influence the life cycle impact of 
an installation. The approach has received widespread interest and is currently being 
investigated as a possible replacement for the Environment Agency’s Best Practicable 
Environmental Option assessment (El).
Additional contributions to knowledge have been made concerning the management of 
uncertainty in Life Cycle Impact Assessment, the development of a greater understanding 
of the impacts associated with glass manufacturing, the determination of the most 
suitable method of calibration for glass furnace particulate monitoring equipment and the 
influence of sustainable development on the process-contracting industry.
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The application of environmental life cycle approaches to industrial 
pollution control and policy-making: A case study of the glass industry. 
Executive Summary 
Introduction
This portfolio details the research that has been carried out during the period October 
1996 to November 2000 for the Engineering Doctorate (EngD) in Environmental 
Technology programme at the University of Surrey. The Research has been supported by 
a grant from the Engineering and Physical Sciences Research Council (EPSRC) and 
sponsored by Lurgi (UK) Ltd, which is part of a major German process-contracting group 
of companies. As a leading process-contracting group for the supply of environmental 
technologies, Lurgi plays a key role in the development and worldwide implementation 
of pollution abatement systems.
The research has been carried out in the field of techniques and policies for industrial 
pollution control. The overarching thesis has been that life cycle approaches can 
successfully support both the choice of techniques for industrial pollution control and the 
environmental policy-making process. Case studies from the glass industry are used to 
support this thesis, demonstrating novel methodologies for the application of life cycle 
approaches to environmental decision-making.
The portfolio has been arranged in three volumes. Volume 1 is the main document, which 
presents and summarises the thesis and demonstrates fulfilment of the criteria for an 
EngD. It comprises the Abstract, Executive Summary and a five-chapter bridging 
document, of which the fifth, concluding chapter provides a summary of the research 
findings and an outline of the specific contributions to knowledge within the field of 
Environmental Technology. Volume 2 contains the Annexes to vol. 1, which include the 
papers and articles that have been published during the research period (Annex II). 
Volume 3 contains supporting documentation, including the “six-monthly” reports and 
minutes of meetings and demonstrates the progression of the research. Volume 3 is 
intended for reference only.
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Developments in policies and legislation for industrial pollution control:
Towards life cycle thinking
Sustainable development is commonly defined as development which meets the needs of 
the current generation without compromising the ability of future generations to meet 
their own needs (WCED, 1987). This concept is now shaping the direction of National, 
European and International policies. The principle of sustainable development 
recognises the needs of cultures worldwide and as a consequence, developing 
environmental policies are now addressing environmental issues from a global 
perspective. The implications of this for the process industries is that pollution control 
legislation is moving from its traditional focus on the protection of local environmental 
conditions towards protection of the environment as a whole (Chapter 2.1).
The Directive on Integrated Pollution Prevention and Control (IPPC) has adopted the 
holistic approach to environmental protection (Council Directive 96/61/EC). IPPC has a 
wider scope than current UK legislation, covering issues which were previously outside 
the scope of Part 1 of the Environmental Protection Act 1990 (EPA90), including: 
consideration of raw material and energy efficiency, noise, off-site waste disposal and 
accident prevention . The wider scope of IPPC will require the Environment Agency to 
revise its methodology for determining the Best Practicable Environmental Option 
(BPEO) and will enable the Agency to meet its wider obligations to contribute towards 
sustainable development (Chapter 2.1.3).
Life Cycle Assessment (LCA) provides a methodology for evaluating the inputs, outputs 
and environmental impacts associated with a product, process or service (ISO 14040, 
1997). LCA adopts a holistic approach in that it requires examination of whole systems 
from acquisition of raw materials, through manufacturing and use, to final disposal -  
from ‘cradle-to-grave’. The methodology is based upon the mass and energy balance of a 
defined system. Once the system boundaries and aims of the assessment have been 
established (Goal and Scope Definition), the environmental burdens within the defined 
system must be identified and quantified (Inventory Analysis). These burdens are then 
classified according to their contribution to a smaller number of environmental impacts
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(Impact Assessment). These impacts include ozone depletion, global warming, human 
toxicity and depletion of non-renewable resources. By reducing a large number of 
environmental burdens to a small number of impacts, it becomes easier to compare very 
different products or services based on the equivalent function that they perform. In 
addition, LCA can be used to highlight ‘hotspots’ in a life cycle, i.e. the stages causing 
greatest environmental harm. Above all, the life cycle approach ensures that reduced 
environmental burdens at one point in the cycle are not met at the expense of a greater 
increase in burdens elsewhere (Chapter 2.2).
Integrated Pollution Prevention and Control
The main thesis of this research has been that life cycle techniques can provide a useful 
framework to support the determination of Best Available Techniques (BAT) under IPPC 
(Chapter 2.4). The ability of LCA to examine the combined impact of multiple stages 
within a system is instrumental in meeting a primary objective of IPPC, namely of 
ensuring protection of the environment as a whole (Council Directive 96/61/EC), thus 
reducing the potential for transfer of impacts from one stage in the life cycle to another. 
It is proposed herein that, at a European Commission level, life cycle thinking must be 
integrated into the drafting of BAT reference documents whilst for site-specific 
determination of BAT a detailed LCA is required. LCA must however, be combined 
with local impact methodologies to ensure that both global and local environmental 
issues are included in the BAT determination process. It is also important to recognise 
with regards to the general principles of sustainable development, that whilst IPPC will 
result in BAT for the production of the product, the product itself may not be sustainable, 
as is evident in the petroleum refinery sector.
It is proposed that, for the purpose of IPPC, it is necessary to examine a ‘cradle-to-gate’ 
system, from acquisition of raw materials through to a finished product, excluding 
product use and disposal. This system can be subdivided into the foreground and 
background sub-systems. The foreground system comprises the installation for which the 
BAT determination is being carried out and requires case-specific operational or design 
data. The background system includes the stages associated with off-site waste
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management, energy production and extraction and processing of raw materials, for 
which it is appropriate to use industry-averaged data. All inventory data should be 
related to the functional unit, which for IPPC will be a unit of product or waste 
throughput. This approach enables a comparison between impacts on different 
environmental media from different process techniques and an encouragement of 
improvements in process efficiencies.
This area of research has been presented at the IChemE’s “Research 2000” and at a 
“Presentation for Britain’s Younger Engineers” to Members of Parliament at the House 
of Commons in December 2000. The extended paper has been published in the 
Transactions of the Institution of Chemical Engineers (Nicholas et al., 2000; also see 
Annex II). The work has been cited by the Royal Commission on Environmental 
Pollution (RCEP, 1998) in its 21st report and by the Environmental Analysis Co-operative 
(2000) in their work being carried out under contract from the Environment Agency to 
support the revision of the BPEO methodology E l. Recently the research has been 
discussed directly with the Environment Agency. It is thus clearly demonstrated that the 
research has made a contribution to knowledge and as a consequence has ensured that the 
use of LCA to support the determination of BAT is receiving serious and active 
consideration.
The holistic perspective offered by LCA has lead to its increasing use in other areas of 
policy-making. During the past few years LCA has been applied to guide European 
policy for packaging (European Parliament and Council Directive 94/62/EC), end-of-life 
vehicles (Schmidt and Beyer, 1999), waste electrical and electronic equipment (European 
Commission, 2000) and eco-labelling (Curran, 1997; Croner’s, 2000). Within the UK, 
chapter 3 of the Government Waste Strategy for England and Wales (DETR, 2000a) 
highlights that LCA is a necessary approach for evaluating the overall impact of different 
waste management options. A further area of policy where LCA has potential for future 
application is in the development of an Integrated Product Policy, which has life cycle 
thinking as a cornerstone (Ernst & Young and SPRU, 1998). It has been identified that
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there is a need for research to improve the general level of use of life cycle approaches in 
the policy-making context (Cowell, et al., 1997; Clark and de Leeuw, 1999).
Life Cycle Policy Mapping
One of the major challenges facing future policy-makers will be to co-ordinate the 
various different areas of policy that influence the life cycle (for example process, 
product and waste policies), in order to minimise environmental impact and to help move 
the system towards sustainability (Nicholas, 1998c; Ernst & Young and SPRU, 1998). 
During this research, Life Cycle Policy Mapping (LCPM) has been developed as a novel 
methodology to support the adoption of life cycle approaches within policy-making and 
to bridge the gap between LCA and the policy-making process (Chapter 2.3). It can be 
used either at a European Commission or Governmental level to support the development 
of an integrated network of co-ordinated policies or alternatively, to support a case 
specific BPEO or BAT assessment under existing legislation. The thesis of this part of 
the research has been that life cycle techniques and in particular LCPM can successfully 
aid the policy-making process.
At a conceptual level, LCPM is used to identify the scope of policies with respect to the 
different stages of the life cycle. At any given point in time, certain areas of policy 
(regulatory or other) will influence specific stages of the life cycle. Over time, these 
areas of policy may expand in scope, or new policies may be developed to influence other 
stages in the life cycle. LCPM identifies these developments and can indicate those 
stages that are not influenced by policy or those stages where different areas of policy 
overlap and have the potential to conflict. LCPM encourages policy-makers to examine 
the influence of and relationship between all policies that cover a life cycle. In addition 
the existing LCA methodology can be applied to analyse and compare the life cycle 
impacts of different policy measures. Thus, LCPM supports life cycle thinking and 
enhances debate concerning both the integration of policy and the impact caused by 
policy throughout the life cycle.
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During the course of the research policy maps have been used to support publications 
(Annex II) with contributions to knowledge covering several issues, including:
• the holistic nature of developing legislation (inch IPPC and producer responsibility), 
the co-ordination of policies and the application of LCA to decision-making 
(Nicholas, 1998c);
• the relationship between IPPC and producer responsibility and the potential for these 
areas of policy to promote industrial ecology (Nicholas et ah, 1998);
• specific developments in legislation for the glass industry (Nicholas and Terry, 1998; 
also presented at the spring meeting of the Society of Glass Technology, 1998 -  see 
Annex II).
It is anticipated that publication of the LCPM methodology is imminent.
The Glass Industry: A case study
The research has been carried out using the UK glass manufacturing industry as a case 
study, to demonstrate both LCPM (Chapter 3.4) and to test the application of LCA for the 
determination of BAT (Chapter 3.2). As described in the introduction to Chapter 3, the 
manufacture of glass involves heating the raw materials (silica, lime, soda and recycled 
glass -  cullet) until molten, then forming to the desired shape. This takes place in large 
fomaces, fired with either natural gas or oil, which are capable of melting several 
hundred tonnes of glass per day. Both the combustion of fuel and the melting process 
create gaseous emissions. The glass industry was chosen specifically because of the 
impending October 2001 deadline for upgrade to emissions limits under EPA90 (DoE, 
1995a) and the 2002 phase-in to the new PPC regime as outlined in Schedule 3 of the 
Pollution Prevention and Control (England and Wales) Regulations 2000 (SI 2000 No. 
1973). The work is support by LCA studies, presented in two parts within the portfolio 
(Chapter 3.2).
Part 1 (Chapter 3.2.1) examines the environmental ‘hot-spots’ in the glass manufacturing 
process. This identifies the significance of indirect burdens from the background system. 
Overall, the stages which make the greatest contribution to the various life cycle impact 
categories are the glass furnace (foreground), natural gas production (background), soda
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ash production (background) and production of electricity for use in the installation 
(background). This demonstrates that whilst the regulation of gaseous emissions from 
the furnace is important, expanding the system boundary to include raw material and 
energy use highlights many significant impacts that have previously been overlooked by 
regulation. Improvement in the environment as a whole requires reduction of both direct 
impacts from the furnace and indirect impacts from the background system. This can be 
achieved, for example, through increased reuse of glass or increased cullet recycling, 
which would reduce both raw material and energy consumption.
Part 2 of the LCA work (Chapter 3.2.2) demonstrates the application of LCA for the 
determination of BAT under IPPC. Two scenarios have been published concerning, in 
one case, the choice of fuel when constructing a new installation and, in the other, retrofit 
of pollution abatement to an existing installation (Nicholas et al., 2000). With respect to 
construction of a new installation, the BAT decision to be made is to use either natural 
gas or fuel oil. Impact Assessment demonstrates that, of the nine impact categories 
available within the LCA software used (Ecobilan, 1997), eight indicate that natural gas 
has a lower impact than oil; thus in this case a gas fired furnace is clearly the preferable 
option.
With respect to retrofit of abatement equipment, two technologies have been considered; 
either Pilkington’s 3R™ process for NOx reduction or Lurgi’s technology for acid gas 
and dust abatement (European Commission, 1999a). This part of the study highlights the 
importance of examining the impacts associated with the full operating range of a 
specific technology and the importance of including the impacts associated with material 
and energy consumption, in addition to emissions. The percentage of pollutant removal 
required for the benefits of pollution abatement to outweigh the burdens inherent within 
the system has in this work been termed the ‘Improvement Threshold’ (IT). It is 
demonstrated that there will be both lower and upper ITs, between which will lie the 
optimum operating conditions. The range between ITs and the position of the optimum 
operating conditions are technology dependent and must thus be assessed on a case 
specific basis. Generally, however a clean technology will achieve a wider IT range and
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lower net impact than an end-of-pipe technology, since clean technologies have lower 
levels of inherent burdens.
Life Cycle Impact Assessment
The study also demonstrates that Life Cycle Assessment is indeed an appropriate 
technique, to provide the type of integrated environmental assessment required by the 
Directive on Integrated Pollution Prevention and Control (Council Directive 96/61/EC). 
LCA is applicable to both new and existing installations. Aggregation of the different 
resource uses and emissions into a recognised set of impact categories enables 
technologies with very different environmental interventions to be compared. However, 
the examples also illustrate the difficulties in selecting a BAT, associated primarily with 
the trade-off of impacts and the methodological uncertainties within Life Cycle Impact 
Assessment (LCIA).
Life Cycle Impact Assessment (LCIA) is the process by which life cycle inventory data 
are related to specific environmental impacts, through multiplication with 
characterisation factors (a measure of relative potency). Whilst LCIA is recognised as a 
key stage in LCA, it has been highlighted that, in order to improve the use of LCA for 
environmental decision-making, there is a need for a better understanding of the 
uncertainty associated with developing methodologies (Bare et al., 1999). This research 
(Chapter 3.4) has examined the four key areas of uncertainty in LCIA associated with:
a) number and type of impact categories considered;
b) range of burdens included within each category;
c) parameters used within the modelling of impacts; and
d) the model used for each impact category.
These areas of uncertainty are examined with respect to the contribution of each burden 
to individual impact categories. The influence of uncertainty on the outcome of LCA is 
investigated via a case study involving the choice of either natural gas or oil for firing a 
glass furnace, as set out in section 3.2.2 and published by Nicholas et al. (2000).
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The research concludes that LCA practitioners must be aware that methodological 
differences and uncertainty can have a significant influence on the outcome of LCA and 
moreover, the influence is highly case-specific. It is recommended that, in carrying out a 
study, all available methodologies for Impact Assessment should be applied to the Life 
Cycle Inventory data so that the influence of methodological differences can be 
determined. For cases where the methodological uncertainties are found to significantly 
influence the outcome of LCIA, the practitioner is encouraged to investigate further the 
source of that uncertainty. The research has developed a method of graphical 
representation to enable the uncertainty to be represented and managed within the 
decision-making process. The thesis of this part of the research has been that, while 
uncertainty in LCA still remains, it can be more readily managed through examining the 
influence of uncertainty on assessment outcomes and hence can further aid the decision­
making process.
Chapter 3.5 outlines a minor, yet significant contribution to knowledge, which has 
occurred as a result of coursework carried out for the ‘Environmental Measurement’ 
module (Annex IV). Examination of the size distribution of particulates emitted from 
glass furnaces indicates that the majority are sub-micron fume. The standard test method 
for calibration of particulate monitoring (BS 3405, 1983), currently recommended for use 
in the Secretary of State’s guidance to the glass industry, is not suited to collection of 
sub-micron particulates and has an expected accuracy of ± 25 %. It is highlighted that 
alternative standard test methods, more suited to collection of sub-micron fume and with 
improved accuracy of ± 10 %, are available (BS 893, 1978; BS 6069,1992). If systematic 
calibration errors are to be avoided, then the recommendation of this research is that these 
alternatives should be considered for use as the reference test method for calibration of 
particulate monitoring in the glass industry. In addition to publication in the trade journal 
‘GLASS’ (Nicholas, 2000; also see Annex II), the work has been discussed directly with 
those responsible for compiling the Secretary of State’s guidance at the Environment 
Agency who are now investigating the alternative test methods. It is hoped that this 
research will influence the new glass guidance note to be prepared during Spring 2001 
and thus improve the accuracy of particulate monitoring in the glass industry.
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Sustainable development and the process-contracting industry
During the final year of this work the Research Engineer has provided environmental 
expertise for the implementation of an Environmental Management System (EMS) within 
the sponsor organisation, Lurgi (UK). Chapter 4 discusses methods by which the process- 
contracting industry can examine and improve the impacts of its products’ life cycles and 
thus the contribution to the challenges of sustainable development. By drawing parallels 
with the DETRs sustainable construction strategy (DETR, 1998c), three key issues 
governing the environmental performance of process-contractors and of their products 
and services have been identified:
1. Environmental impacts from the construction and commissioning of installations 
-  the direct aspects;
2. Environmental impacts caused by the operation, maintenance and 
decommissioning of installations -  the indirect aspects;
3. Environmental impacts from technologies that will be supplied in the future -  
both direct and indirect aspects.
In order to correctly manage and reduce these impacts an organisation should implement 
an Environmental Management System (EMS).
With respect to the direct impacts of an organisation it has been noted that the 
construction sector is one of the highest polluting industrial sectors (Environment 
Agency, 1999). Improving management practice to identify and avoid breach of 
environmental legislation should reduce the frequency and severity of environmental 
incidents during construction of installations. With respect to continual improvement of 
environmental performance (ISO 14001, 1996) there are several challenges facing 
process-contractors due to the changing nature of installations supplied and the 
difficulties in quantifying burdens and their impact. It is proposed that a risk-based 
approach will overcome these difficulties. Under this approach, continual improvement 
would be demonstrable through modification of the contractor’s procedures in order to 
increase the level of control and thus reduce the risk associated with the organisations 
activities (Chapter 4.2).
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The indirect aspects of a process-contracting company, associated with the operation of 
the installation, generally outweigh the direct impacts of the company. For example, 
energy consumed during the use phase generally substantially outweighs that consumed 
during the construction phase. Since indirect impacts are mainly influenced at the design 
phase of the installation it is vital that process contracting companies design to reduce life 
cycle impact. It is difficult, however, for process-contracting companies to achieve 
improvements in this area since the client is inevitably the decision-maker with respect to 
the specification of technology. Whilst improvements in technology are occurring, 
driven by the tightening of legislation, process contracting companies are entirely 
dependent on the willingness of clients to extend beyond the minimum legislative 
requirements and to consider the wider environmental issues. The challenge for process 
contracting companies is to design installations for ease of upgrade for future legislative 
requirements and further to develop solutions that result in both reduced environmental 
impact and a competitive advantage in economic performance.
The process-contracting industry as a whole must ensure that clean technology replaces 
traditional processes. In order to achieve this, new “client/contractor” relationships may 
be required to enable partnerships to be formed to implement long-term projects. Since 
traditional competitive bidding and tendering procedures are not suited to the complex 
issues and flexibility required for such partnerships, it may also be necessary to develop 
new tendering procedures; e.g. the negotiated approach of the Private Finance Initiative 
(Bennett, 1998; Horsley et al., 2000).
It is demonstrated that process-contracting companies can do much to reduce direct and 
indirect environmental impact and have a central role in delivering sustainable 
technologies and improving the quality of life. The role of the Research Engineer, 
providing environmental expertise during implementation of an Environmental 
Management System, will ensure that environmental issues are a key consideration for 
top management during business decision-making within Lurgi (UK). In addition, the 
research is making further contributions to knowledge by developing methods to 
overcome some of the challenges faced when implementing an EMS with the process-
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contracting industry. The research has promoted the understanding of the importance of 
integrating environmental issues within the organisation and has thus played a central 
role in motivating the practice of a leading process contracting company towards 
sustainability.
In summary, the overarching thesis of this research has been that Environmental Systems 
Analysis, and specifically Life Cycle Assessment, provides a sound basis for drafting and 
implementing environmental legislation, for interpreting and responding to that 
legislation and for guiding responses to the new holistic approach summed up by the term 
“Sustainable Development”. This thesis has been explored through specific case studies, 
selected because they are within the interests of Lurgi (UK) but are general in their 
implications. The contribution to knowledge of the research lies primarily in the analysis 
and illustration of the importance of applying concepts from systems analysis in 
environmental management and thereby to the sustainable development of human 
society.
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Chapter 1 
Portfolio Guide and Thesis Overview
1.1 Guide to the portfolio
This portfolio details the research that has been carried out during the period October 
1996 to November 2000 for the Engineering Doctorate (EngD) in Environmental 
Technology programme at the University of Surrey. The Research has been supported by 
an EPSRC grant and sponsored by Lurgi (UK) Ltd, part of a major German process- 
contracting group of companies.
The portfolio has been arranged in three volumes. Volume 1 comprises the Abstract, 
Executive Summary and a five-chapter bridging document, of which the fifth, concluding 
chapter provides a summary of the research findings and an outline of the specific 
contributions to knowledge within the field of Environmental Technology. Volume 2 
contains the Annexes to vol. 1, which include the papers and articles that have been 
published during the research period (Annex II). Volume 3 contains supporting 
documentation, including the “six-monthly” reports and minutes of meetings and 
demonstrates the progression of the research. Volume 3 is intended for reference only.
Volume 1 comprises:
• Chapter 1 (remaining section) introduces the research, positioning it within the field 
of environmental technology;
• Chapter 2 summarises the literature that has been reviewed and introduces Life Cycle 
Assessment (LCA), after which the theoretical reasoning and methodological 
development for the application of LCA to industrial pollution control and policy­
making is presented;
• Chapter 3 tests the methodologies developed via case studies from the glass industry;
• Chapter 4 discusses the challenge to the process contracting industry associated with 
moving towards sustainable development; and
• Chapter 5 summarises the research findings, including an outline of the specific 
contributions to knowledge.
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1.2 Overview of Thesis
In 1991 the International Chamber of Commerce (ICC) developed the Business Charter 
for Sustainable Development, with the aim of providing a foundation for businesses to 
build an Integrated Environmental Management System (ICC, 2000). This establishes 16 
key principles that can be used to guide a company when establishing environmental 
policies. One of those principles refers to transfer of technology:
“To contribute to the transfer of environmentally sound technology and 
management methods throughout the industrial and public sectors.”
It was apt therefore that the working title of this thesis has been:
“Process Transfer of Gas Cleaning Technology for Gaseous Pollutants from 
Industrial Processes”.
The reference being to the activities of the sponsor organisation, Lurgi (UK) Ltd and its 
German parent company, Lurgi AG. As a leading process contracting group for the 
supply of environmental technologies, Lurgi plays a key role in the development and 
worldwide implementation of pollution abatement systems.
The research has been carried out using the UK glass manufacturing industry as a case 
study, examining the need for implementation of air pollution control technology and the 
wider environmental policies influencing the glass life cycle. The glass industry was 
chosen specifically in light of the October 2001 deadline for upgrade to glass sector 
emission limits, as established under the Environmental Protection Act 1990 (EPA90). 
At present the majority of UK glass manufacturing installations have not installed end-of- 
pipe pollution abatement equipment, but it is anticipated that many will require such 
technology to meet the impending EPA90 requirements. Lurgi, with more than 60 waste 
gas cleaning systems supplied to glass manufacturers throughout the world and a large 
proportion of the European market, is in a strong position to obtain and influence a major 
proportion of the contracts potentially available within the UK. Thus, since the UK glass 
industry is effectively a ‘clean slate’ with respect to installed end-of-pipe technology, 
research carried out within Lurgi (UK) has the potential to influence environmental 
protection throughout the UK glass manufacturing industry.
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The initial objective, within the broad research scope associated with technology transfer, 
was to establish the legislative requirements for pollution control within the UK glass 
industry. During the first six months of the research it was recognised that the legislative 
requirements were not as clearly defined as had previously been thought and 
consequently the exact requirements for pollution abatement were not established. The 
uncertainty was (and still is) related to the implementation of the EC Directive for 
Integrated Pollution Prevention and Control (IPPC), which has a considerably wider 
scope than EPA90 (Council Directive 96/61/EC; Aichinger, 1997; Fisk, 1997). Although 
the European deadline for upgrade of all installations covered by the Directive’s 
requirements is not until 2007, it has become apparent that in order to ease the workload 
on the regulating authorities, different industrial sectors would be phased into the PPC 
regime over the years prior to 2007. Thus any technology supplied to the UK glass 
industry to enable it to comply with the EPA90 deadline for 2001 should also be 
cognisant of the UK’s PPC glass sector phase-in deadline, which has subsequently been 
established to take place during 2002 (Pollution Prevention and Control (England and 
Wales) Regulations 2000 (SI 2000 No. 1973)).
The implementation of IPPC and the revision of Member State legislation has presented a 
major research opportunity. In order to establish the influence of IPPC on the glass 
industry, it was first necessary to establish the requirements of IPPC for industry as a 
whole. Having identified these requirements, it was then necessary to investigate the 
influence that IPPC implementation would have on the methodologies for the 
determination of Best Available Technique (BAT). It was concluded at an early stage of 
the research that Life Cycle Assessment (LCA), an approach for analysing environmental 
impacts associated with a product, process or service from acquisition of raw materials 
through to disposal of wastes, would enable inclusion of some of the wider requirements 
of IPPC when assessing BAT (Nicholas et al. 1997b). A major area of research 
covered by this portfolio has involved investigation of the requirements of IPPC and 
the potential for application of life cycle techniques to the determination of BAT. 
The main thesis of this work has been that life cycle techniques can provide a usefull 
framework to support the choice of BAT.
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During the course of the research it also became apparent that IPPC was not the only 
major piece of legislation influencing environmental protection within the process and 
manufacturing industries. Driven by international efforts to move towards sustainable 
development, European and national policies are being developed to cover many different 
aspects of a product life cycle, from acquisition of raw materials through to product use 
and disposal. With respect to the glass industry it was noted that the developing policies 
had resulted in a complex array of legislation being implemented in ‘piecemeal’ fashion 
(Nicholas and Terry, 1998; Stockdale, 1998). One of the major challenges facing policy 
makers would be to co-ordinate the development of different policies through all stages 
of a product’s life cycle to achieve optimisation of the whole product system (Nicholas, 
1998c). EC legislators are addressing this challenge and have highlighted a need for an 
Integrated Product Policy (IPP) to enable integration of policies throughout the product 
life cycle so that due consideration be given to all environmental impacts and the specific 
characteristics of the system under control (Ernst & Young and SPRU, 1998). The 
second major research area covered by this portfolio has involved the development 
of Life Cycle Policy Mapping (LCPM) -  a novel technique developed within this 
research to support life cycle thinking within the policy-making process. The thesis 
of this part of the research has been that life cycle techniques and in particular 
LCPM can successfully aid the policy-making process.
Throughout the research, the methodologies developed for assessment of BAT and 
support of policy-making have been applied to the glass industry as a case study. In 
addition to methodological developments, the research has lead to several 
contributions to knowledge that are specific to the glass industry, which have arisen 
from investigation of:
• The environmental policies that influence environmental impacts 
throughout the glass life cycle
• The environmental ‘hot-spots’ within the glass manufacturing process
• The impacts associated with oil or gas furnace firing
• The impacts associated with retrofit pollution abatement equipment
• The calibration of particulate monitoring equipment.
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As a result of the increasing use of LCA for support of environmental decision-making it 
has become necessary to develop standardised methodologies for carrying out the various 
stages of the assessment process, i.e. the ISO 14040 series of International Standards 
(ISO 14040, 1997). One of the remaining areas of uncertainty within Life Cycle Impact 
Assessment is related to characterising the contribution of individual system burdens to 
impact categories (e.g. global warming potential and acidification potential). Due to the 
inherently complex nature of environmental science, the methodologies for classification 
and characterisation are continually evolving in line with scientific development. This 
research has investigated the methodological uncertainty associated with Life Cycle 
Impact Assessment and proposes a method of graphical representation to enable the 
uncertainty to be managed within the decision-making process. The thesis of this 
part of the research has been that, while uncertainty in LCA still remains, it can be 
more readily managed through examining the influence of that uncertainty on 
assessment outcomes and hence can further aid the decision-making process.
During the final year of the research, the influence of developing policies and trends in 
environmental management on Lurgi (UK) have been examined to investigate their 
influence on the technology-transfer process. As with all legislation, this area is being 
influenced by the concept of sustainable development. This has prompted 
implementation of an Environmental Management System within Lurgi (UK), which will 
be certifiable to ISO 14001 (1996) and includes an examination of the “environmental 
aspects” associated with the life cycle of Lurgi’s activities, products and services. The 
portfolio discusses methods by which the process-contracting industry can examine 
and improve the impacts of its products’ life cycles and thus the contribution to the 
challenges of sustainable development.
In order to represent the complete scope of this thesis, the working title, referring to 
transfer of technology has been replaced with the title:
“The application of environmental life cycle approaches to industrial 
pollution control and policy making: A case study of the glass industry”.
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Developments in policies and legislation for industrial pollution control: 
Towards life cycle thinking
2.1 The Holistic Nature of Environmental Legislation
During the course of the research, the literature concerning industrial pollution control 
legislation has constantly been reviewed and analysed to provide three comprehensive 
literature reviews, which are included in Annex I. Within this section, these reviews are 
consolidated and updated to include subsequent developments. It is highlighted that 
policies for industrial pollution control are becoming increasingly holistic, with a trend 
towards the inclusion of global issues. This is the direct result of the wide-ranging issues 
that fall under the concept of sustainable development. Over the past decade, 
developments in National, European and International policies have had a major 
influence on the regulation of industrial processes and in particular the EC Directive on 
Integrated Pollution Prevention and Control (Council Directive 96/61/EC). The wide- 
ranging requirements of this Directive will transform the UK’s regulatory approach and 
hence will require the development of new methodologies for the determination of the 
Best Available Technique for pollution prevention and control. The industrial pollution 
control literature, as consolidated within this section, provides a context for the remainder 
of the portfolio.
2.1.1 Towards Sustainability
National, European and International environmental policy is now being driven by the 
concept of sustainable development and the wide ranging implications that this entails 
(Schmidheiny, 1992; Christie et al., 1995; Clayton and Radcliff, 1996; Clayton et al.,
1999). The most widely accepted definition of sustainable development appears in the 
1987 benchmark environmental report, Our Common Future (or “the Brundtland report”) 
written by the World Commission on Environment and Development (WCED, 1987):
“....development which meets the needs of the current generation without 
compromising the ability of future generations to meet their own needs.”
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In 1992, the UN Conference on Environment and Development (UNCED or The Earth 
Summit) established the UN Commission for Sustainable Development (UNCSD) in 
order to oversee the move towards sustainable development, as outlined by the principles 
agreed at UNCED and set out in Agenda 21 (UNEP, 2000b).
Within the EC, the Fifth Action Programme on the environment - Towards 
Sustainability- has embraced Agenda 21. It stresses the need for environmental 
objectives to be integrated into all areas of EC policy and that all sectors of the 
community need to become involved and take responsibility for environmental protection 
(Murley, 1997). This is enabled by the Treaty on European Union, as amended by the 
Treaty of Amsterdam (1997). The amendment includes a new commitment to the 
principle of sustainable development in the opening recitals and introduces the objective 
of achieving balanced and sustainable development. The Treaty on European Union 
states that EC policy shall contribute to the pursuit of the following objectives:
• preserving, protecting and improving the quality of the environment;
• protecting human health;
• prudent and rational utilisation of natural resources;
• promoting measures at international level to deal with regional or worldwide 
environmental problems.
The amended Treaty strengthens the concept that EC policy shall be based on the 
precautionary principle. In addition the treaty reinforces the principles that preventive 
action should be taken, that environmental damage should as a priority be rectified at 
source and that the polluter should pay. Also, it reinforces the principle that 
environmental protection requirements must be integrated into the definition and 
implementation of Community policies and activities, in particular with a view to 
promoting sustainable development. Additionally, the Treaty of Amsterdam (1997) 
strengthens the concept of subsidiarity by clarifying the procedure for Member States to 
maintain existing national provisions or introduce further measures with respect to 
environmental protection, based on new scientific evidence, subsequently to be 
confirmed or rejected by the Commission.
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The Government published the first UK strategy for sustainable development in 1994, 
which stated that sustainable development requires decisions throughout society to be 
taken with proper regard to the environment. This has been followed up by a set of 
indicators that will be used to monitor progress towards meeting the strategy’s objectives 
(Murley, 1997). As noted by Malcolm (1996), sustainable development is now a linchpin 
of environmental policies, however, the concept attracts criticism on the grounds of its 
vagueness. For example, the Environment Act 1995 sets the Environment Agency a 
principle aim of making a contribution towards achieving sustainable development, but 
does not give clear guidance on what this actually entails.
The Government strategy, ‘A better quality of Life’, published in May 1999 provides 
some guidance towards achieving sustainable development (DETR, 1999c), including the 
four key objectives:
• social progress which recognises the needs of everyone;
• effective protection of the environment;
• prudent use of natural resources;
• maintenance of high and stable levels of economic growth and employment. 
However, there is still a danger that the principle of sustainable development can be 
embraced without knowing exactly what may be involved (Meacher, 1999) or how the 
principle should be converted into specific policies and actions (RCEP, 1998). Ongoing 
work, such as that by the Global Reporting Initiative (GRI, 2000) to produce guidelines 
for sustainability reporting, will stimulate debate and help to develop consensus 
concerning the issues involved. It is clear however, that while the detailed issues 
involved with Sustainable Development have not been fully defined or understood, the 
concept is having a far-reaching influence on environmental policies, not least those for 
the control of industrial pollution.
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2.1.2 The global environment
The principle of sustainable development recognises the needs of all cultures across the 
globe and as a consequence of this, developing environmental policies are addressing the 
global nature of environmental issues. An example is the realisation that acidic emissions 
from one region can be transported through the atmosphere for long distances and 
subsequently be deposited and harm sensitive ecosystems in other regions. As noted by 
the RCEP (1998), this has lead to substantial growth in the number and importance of 
international conventions relating to both global and regional issues. In 1972 the United 
Nations Environment Programme (UNEP) was formed for co-ordination and promotion 
of activities to combat global environmental issues. UNEP’s mission is "to provide 
leadership and encourage partnership in caring for the environment by inspiring, 
informing, and enabling nations and peoples to improve their quality of life without 
compromising that of future generations" (UNEP, 2000a). UNEP has played an 
important role in the development of many International agreements, including the 
Montreal Protocol for the reduction of ozone depleting substances (UNEP, 1998) and the 
Basel Convention on the control of transboundary movements of hazardous waste 
(UNEP, 1992). More recently, UNEP has played a key role in gaining both scientific and 
political consensus on the issue of Climate Change.
In 1988 UNEP, together with the World Meteorological Organisation, established the 
Intergovernmental Panel on Climate Change (IPCC) to assess scientific evidence on the 
risk of human-induced climate change (IPCC, 2000). Having produced two reports (1990 
and 1995) IPCC has concluded that, on balance, there is sufficient evidence of a 
discernible human influence on the global climate, which produces a destabilising impact 
on the planet’s ecosystem (e.g. increased severity of droughts, floods and storms). The 
work of the IPCC provided the major input to the UN Framework Convention on Climate 
Change (UNFCC), which was established in 1992 at the Earth Summit in Rio. The 
ultimate objective of UNFCC is
"... stabilization of greenhouse gas concentrations in the atmosphere at a level that 
would prevent dangerous anthropogenic interference with the climate system. 
Such a level should be achieved within a time-ffame sufficient to allow
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ecosystems to adapt naturally to climate change, to ensure that food production is 
not threatened and to enable economic development to proceed in a sustainable 
manner" (IPCC, 1995).
Subsequently, in 1997 the Kyoto Protocol was agreed whereby Developed countries were 
set legally binding targets for the reduction of six principal greenhouse gases, including 
an EC commitment to cut emissions by 8% from 1990 levels over the period 2008-2012 
(Croner, 2000).
The UK’s contribution to the Kyoto targets is a legally binding greenhouse emissions 
reduction of 12.5 % and the Government has set an additional domestic target of a 20 % 
reduction in CO2 by 2010 (c.f. 1990). When this literature review was initially carried out 
it was noted that in spite of many years of EC negotiations, National or European Energy 
Taxes were not in place (with the UK being a major opponent) (ENDS, June 1996). 
However, the Government’s Kyoto commitments have included proposals for an energy 
tax (for business), in the form of the proposed Climate Change Levy (DETR, 2000c). 
Draft details of the Levy include exemptions for renewables and ‘good quality’ 
Combined Heat and Power (CHP), together with enhanced capital allowances associated 
with investments in specified energy efficient technologies. The Levy, together with a 
proposed carbon-trading scheme, will have a large impact on most sectors of industry, 
including manufacturers and equipment suppliers. Finally, whilst the principles of an 
energy tax are not disputed, the RCEP (2000) has highlighted that the proposed Levy, 
framed as an energy tax, does not directly discriminate against carbon intense energy 
sources. A complicated system of exemptions and allowances is being introduced to 
promote the alternatives to fossil fuels. RCEP (2000) argue that a Carbon Tax, based on 
the quantity of CO2 per unit of energy supplied and applied at the point where fossil fuels 
are purchased, would provide a greater incentive for reduction in greenhouse emissions 
and would stimulate efficiency improvements and reduced consumption.
In addition to the work of UNEP, the UN Economic Commission for Europe (UNECE) 
has also played a vital role in global pollution control through the adoption of many 
Conventions, including that on Long-Range Transboundary Air Pollution (LRTAP). This
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was the first internationally legally binding instrument to deal with the problems of air 
pollution on a broad regional basis (UNECE, 2000). Under the LRTAP Convention there 
have been eight protocols which have covered issues including the control of emissions 
of Sulphur Compounds, Nitrogen Oxides, Volatile Organic Compounds. More recently a 
Protocol to abate Acidification, Eutrification and Ground-level Ozone has also been 
signed. The requirements of these Protocols are being implemented at European level via 
a number of Directives, including:
• Council Directive 96/62/EC of 27 September 1996 on ambient air quality 
assessment and management
• Council Directive 1999/30/EC of 22 April 1999 relating to limit values for 
sulphur dioxide, nitrogen dioxide and oxides of nitrogen, particulate matter 
and lead in ambient air
• Council Directive 1999/13/EC of 11 March 1999 on the limitation of 
emissions of volatile organic compounds due to the use of organic solvents in 
certain activities and installations.
• Council Directive 1999/32/EC of 26 April 1999 relating to a reduction in the 
sulphur content of certain liquid fuels and amending Directive 93/12/EEC
• A proposal for a Directive on national emission ceilings for certain 
atmospheric pollutants (European Commission, 1999c)
The enforcement of such Directives within Member States is ensuring that global 
environmental issues are forming an integral part of National environmental legislation. 
By legislating for control of global impacts, policy-makers are aiming to contribute to 
sustainable development through the protection of all generations from environmental 
threats, irrespective of their global location (Meacher, 1999).
An implication of the requirement to consider global impacts is discussed in the 
following section. Whereas industrial pollution regulation traditionally focussed on the 
control of emissions to achieve protection of the local environment (Skea and Smith,
1998), there is now a need to take a holistic approach and thus expand the scope of 
legislation to enable reduction of impact on the environment as a whole.
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2.1.3 From IPC to IPPC
For the past decade, industrial pollution control legislation in the UK has been covered by 
the Environmental Protection Act 1990 (EPA90). Part 1 of the Act introduced the two 
regimes of Integrated Pollution Control and Local Authority Air Pollution Control, under 
which the prescribed processes are regulated. IPC processes are regulated by the 
Environment Agency (EA), whilst LAAPC is controlled by the environmental health 
departments of local authorities. All processes covered by EPA90 are required to use the 
Best Available Techniques Not Entailing Excessive Cost (BATNEEC) to prevent 
emissions or to ensure that emissions are kept below their specified limits. EPA90 
however, is limited to control of emissions from individual processes and does not allow 
the competent authorities to set conditions within permits for wider issues with impacts 
elsewhere in the supply chain, such as resource use or energy consumption (Perriman,
1997). This has lead to the protection of the environment in the immediate vicinity of a 
process and not to the protection of the environment as a whole. As identified by the 
House of Commons Environment Committee (1997), this has impeded the EA from 
fulfilling its duty under the Environment Act 1995. EPA90 does not allow the EA to 
contribute towards sustainable development by taking a holistic approach to 
environmental protection, through the consideration of wider environmental impacts, 
when making decisions about BATNEEC. The EC Directive on Integrated Pollution 
Prevention and Control (Council Directive 96/61/EC) is set to change this.
Whilst some fundamental concepts of Integrated Pollution Prevention and Control (IPPC) 
have originated from UK legislation (notably the requirement for an integrated site- 
specific approach to pollution control), the full requirements of the Directive have 
initiated substantial changes to the current UK approach (Emmott and Haigh, 1996). The 
Directive has a much wider scope than EPA90 (Fisk, 1997) due to the drive for 
sustainable development and the need to control global impacts. In the UK, the Directive 
is being implemented under the Pollution Prevention and Control Act 1999 (PPC). 
Regulations under PPC will require consideration of many aspects currently not included 
within EPA90 and these include noise, energy efficiency, use of raw materials, off-site 
waste disposal, accident prevention, site restoration and the protection of the environment
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as a whole (Aichinger, 1997; Fisk, 1997; Pollution Prevention and Control (England and 
Wales) Regulations 2000 (SI 2000 No. 1973)). These additional considerations 
(compared with those regulated under the UK’s LAAPC and IPC regimes) are 
highlighted in Table 1.
Table 1: Enforced requirements of control regimes (from Nicholas and Terry, 1998)
LAAPC IPC PPC
Prevent o r reduce emissions to: Air ✓ ✓ ✓
W ater m ✓ ✓
Land h ✓ ✓
Efficient use of energy X m ✓
Raw material consumption X m ✓
Waste reduction X 0 ✓
Off site waste disposal X X ✓
Noise, Heat and Vibration X X ✓
Post closure site restoration X X ✓
Accident prevention X X ✓
v' Enforceable controls in place
M Requires consideration, but not enforceable
* Not enforceable
The IPPC Directive highlights that manufacturing processes have impacts on the 
environment which exceed the boundaries of the specific installations being regulated. 
Whether these impacts arise from off-site generation of electricity or processing of raw 
materials, they must be considered when making the choice of the Best Available 
Technique (BAT) for any specific installation. On-site energy use illustrates the 
implications of this shift. Legislation covering only direct emissions from the process 
favours the use of electricity generated elsewhere, rather than generation or co-generation 
on-site, even though this could enable the fossil fuel to be used more efficiently with 
lower environmental impacts overall (DETR, 1997). One of the recognised advantages 
of the more holistic IPPC approach is that it should avoid such displacement of 
environmental impacts (RCEP, 1998). Moreover, the enactment of a broader framework 
for industrial pollution control will enable the EA to redefine its BPEO methodology to 
meet its wider obligations (i.e. to contribute towards sustainable development). This 
should resolve the conflict between the BA’s limited powers under EPA90 and wider 
duties under the Environment Act 1995.
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To guide member states in the implementation of IPPC, article 16 of the Directive 
requires the European Commission to organise “an exchange of information between 
Member States and the industries concerned on Best Available Techniques (BAT)” 
(Council Directive 96/61/EC). The similarities and differences between IPPC’s BAT and 
EPA90’s BATNEEC are given in Table 2. The resulting BAT reference documents 
(BREFs) are being prepared at the Institute for Prospective Technological Studies in 
Seville, and are available via the internet (European Commission, 1999a). The BREFs 
provide an extensive coverage of available, ‘candidate’ techniques including the 
consumption and emission levels associated with them. One of the key issues that the 
BREFs do not address is that of ‘BAT assessment methodologies’. The Directive 
(preamble, s. 18) states that “it is for Member States to determine how the technical 
characteristics of the installation concerned, its geographical location and local 
environmental conditions can, where appropriate, be taken into consideration” (Council 
Directive 96/61/EC). The challenge now is for Member States to develop a systematic 
approach to integrated assessment incorporating both emissions from an installation and 
the wider issues included in IPPC (Nicholas et al., 2000). In the following sections of 
this portfolio it is proposed and demonstrated that Life Cycle Assessment can provide the 
holistic, integrated approach required to support decision-making under IPPC and within 
the general policy-making process.
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Table 2: BATNEEC compared to BAT
UK BATNEEC EC BAT NOTES
Best means most effective in preventing, 
minimising or rendering harmless 
polluting releases. There may be 
more than one set of techniques that 
achieves comparable effectiveness - 
i.e. there may be more than one set 
of “best” techniques.
shall mean most effective 
in achieving a high general 
level o f protection of the 
environment as a whole.
UK BATNEEC focuses 
on polluting releases 
whereas EC BAT looks 
for protection of the 
environment as a whole 
+ pollution prevention 
(clean technology not 
clean-up). The scope of 
this will prove to be 
vitally important.
Available should be taken to mean procurable 
by the operator of the process in 
question. It does not imply that the 
technique has to be in general use, 
but it does require general 
accessibility. It includes a technique 
which has been developed (or 
proven) at pilot scale provided this 
allows its implementation in the 
relevant industrial context with the 
necessary business confidence. It 
does not imply that sources outside 
the UK are “unavailable”. Nor does 
it imply a competitive supply 
market. If there is a monopoly 
supplier the technique counts as 
being available provided that the 
operator can procure it.
shall mean those 
developed on a scale 
which allows 
implementation in the 
relevant industrial sector, 
under economically and 
technically viable 
conditions, taking into 
consideration the costs and 
advantages, whether or not 
the techniques are used or 
produced inside the 
Member State in question, 
as long as they are 
reasonably accessible to 
the operator.
The EC available 
incorporates the basic 
principles of the UK’s 
Available and NEEC 
plus wider cost/benefit 
considerations.
Techniques embrace both the plant in which the 
process is carried on and how the 
process is operated. It should be 
taken to mean the components of 
which it is made up and the manner 
in which they are connected together 
to make the whole. It also includes 
matters such as numbers and 
qualifications of staff, working 
methods, training and supervision 
and also the design, construction, 
lay-out and maintenance of 
buildings, and will affect the 
concept and design of the process.
shall include both the 
technology used and the 
way in which the 
installation is designed, 
built, maintained, operated 
and decommissioned.
EC also requires 
decommissioning of 
technology to be taken 
into account -  i.e. covers 
the whole installation 
life-cycle (not included 
in UK BATNEEC).
NEEC needs to be taken in two contexts, 
depending on whether it is applied 
to new processes or to existing 
processes
N/A
(covered by ‘available’ 
- see above)
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2.2 Life Cycle Assessment and Policy-Making
2.2.1 An introduction to Life Cycle Assessment (LCA)
As defined in ISO 14040 (1997), LCA is the “compilation and evaluation of the inputs, 
outputs and the potential environmental impacts of a product system throughout its life 
cycle” where the life cycle is defined as “consecutive and interlinked stages of a product 
system, from raw material acquisition or generation of natural resources to the final 
disposal”. As depicted in Figure 1, LCA provides a formalised method for the 
assessment of all environmental impacts associated with a service, product or process 
from “cradle-to-grave”.
Figure 1 : Life Cycle Assessment (from Clift and Longley, 1994 and RCEP, 1998)
Material flow
Wastes and 
emissions
'► Energy
Use
Extraction
Raw materials
Energy conversion
Disposal or 
recycling
Material
purification
Manufacturing
process
LCA is based on the mass and energy balance of a defined system. There are four stages 
in carrying out an LCA. The first, Goal and Scope Definition identifies the aims of the 
assessment and the system boundaries. In the second, Inventory Analysis, the material 
and energy consumption and emissions to air, water and land from the system are
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identified and quantified. These burdens are expressed in terms of the ‘functional unit’, 
which is a reference unit that enables comparison of the results on an equivalent basis. 
Where possible this should represent the service provided by the product. For example, 
different systems for the provision of drinks packaging can be compared, based on the 
provision of 1 litre of packaging. Thus it is possible to compare the burdens associated 
with plastic containers to those associated with glass containers, based on the provision of 
a common service -  provision of a given volume of packaging for drinks.
In the third stage. Impact Assessment, the environmental burdens are classified according 
to their potential to contribute to a number of environmental impacts. These include 
ozone depletion potential, global warming potential and human toxicity. Thus, the 
numerous burdens attributable to the system can be reduced to a small set of impact 
indicators, which can be used to support the decision-making process. It must be stressed 
that the outcome of Impact Assessment gives a set of indicators of potential impacts as 
opposed to an absolute measurement of impact (Marsmann et al., 1999). An optional 
extension to the procedure is to assign weighting factors to each of the impact categories, 
thus enabling the Impact Assessment results to be aggregated to a single score. This 
however takes the LCA process outside of the scope of environmental science (RCEP,
1998). As noted by ISO 14040 (1997) ‘there is no scientific basis for reducing LCA 
results to a single overall score or number, since trade-offs and complexities exist for the 
systems analysed at different stages of their life cycle’.
The final stage, Life Cycle Interpretation involves use of the findings of the Inventory 
Analysis and Impact Assessment in order to make conclusions and recommendations, in 
accordance with original goals and scope of the study.
As discussed by Van den Berg et al. (1995), an LCA is suited to situations where one 
product, process or service is to be compared with another. It can also be used to 
determine the stages with the highest impacts within the product life cycle, “hot-spots”, 
so that environmental improvement can be focused on those stages. It is important to 
recognise that LCA is essentially a global, or regional impacts tool and that other specific
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environmental tools should be used to assess other problems, such as the localised 
pollution related to a specific process (ISO 14040,1997).
The benefits of applying a life cycle approach have been discussed previously at length 
(for example Consoli, 1993; Van den Berg et al., 1995; ISO 14040, 1997; RCEP, 1998). 
These include the ability to compare very different systems, based on the commonality of 
the functional unit and the classification of burdens with respect to a small set of impact 
indicators. In addition, it has the ability to take a holistic perspective and to highlight 
impacts that may otherwise be overlooked. Most importantly, the life cycle approach 
ensures that reduced environmental burdens at one point in the cycle are not met at the 
expense of a greater increase in burdens elsewhere (The Engineering Council, 1994).
There are some drawbacks in the LCA methodology. Specific issues, such as time 
consuming nature due to data requirements are providing a barrier to the further uptake of 
life cycle approaches (Curran, 1997; Azapagic, 2000). These issues are being gradually 
overcome through the increasing availability of LCA databases, including Ecobilan’s 
DEAM database (Ecobilan, 1997) and also through the recognition that it is not always 
necessary to carry out a detailed assessment of all stages in the life cycle. For example, if 
initial investigations highlight that large portions of the systems being compared are 
identical or have low impact, it may be possible to streamline the study and to consider in 
detail only specific stages (e.g. the hot-spots) in the life cycle. Additionally, it may be 
possible to limit the data to a set of key indicators of environmental performance (Curran 
and Young, 1996; Cowell et al., 1997). It has also been proposed that it is possible to 
adopt a life cycle approach, embracing the concept of life cycle thinking to ensure a 
holistic perspective, but not necessarily carrying out the full LCA methodology. In all 
cases where a simplified approach is adopted, care needs to be taken that the results are 
not compromised, thus hindering the ability of the LCA to identify trade-offs in 
environmental impacts (Cowell et al., 1997).
A further drawback is that the flexibility within the methodology introduces a degree of 
subjectivity, which can allow manipulation of the results making it very difficult, if not
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impossible to compare the results from different studies (ISO 14040, 1997). To improve 
this aspect, extensive research has been carried out with the aim of reducing subjectivity 
through increasing transparency, use of sensitivity analysis and critical peer review. This 
work has been encapsulated by the three international standards for LCA, published as 
the ISO 14040 series. The research into gaining methodological consensus has been 
focused around the work of the Society of Environmental Toxicology and Chemistry 
(SETAC), whose LCA advisory group has the mission “to advance the science, practice, 
and application of LCAs to reduce the resource consumption and environmental burdens 
associated with products, packaging, processes, or activities” (SETAC, 2000). As part of 
SETAC’s work, a group has been established to examine LCA and the decision-making 
process, with the aim of providing guidance for the use of LCA in decision-making 
contexts (ENDS, June 2000). The group is due to report on their work in 2001.
One key area of work for improvement of methodology has focussed on Life Cycle 
Impact Assessment, fuelled by the development of the standard for Impact Assessment - 
ISO 14042 (SETAC, 1998; Bare et al., 1999; Ryding, 1999; Ecomed, 2000). Whilst it is 
recognised that this is a key stage in LCA, “there are no generally accepted 
methodologies for consistently and accurately associating inventory data with specific 
potential environmental impacts” (ISO14040, 1997). Some have argued that it is 
necessary to establish large networks of scientific experts (such as the IPCC) to examine 
each impact category and thus gain consensus on the methodologies and characterisation 
factors for burdens within each category (Udo de Haes, 2000). There is the risk, 
however, that standardisation at this level could restrict future scientific development 
(Hertwich and Pease, 1998). It is agreed that there is a continuing need for research, both 
to improve scientific knowledge of impacts on the environment and to help managing the 
uncertainty involved (Bare et al, 1999). These are seen as key issues for improving the 
adoption of LCA in the decision-making process of Governments, companies and other 
organisations and for removing some of the barriers which currently impede the adoption 
of life cycle approaches (Clark and de Leeuw, 1999).
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2.2.2 The integration of life cycle techniques into the policy-making process
It was identified in section 2.1 that legislation is becoming increasingly holistic, both in 
terms of the increasing scope of legislation (for example the extra issues covered by IPPC 
as compared to IPC) and the focus on integrating global issues into policies. There is 
now a growing recognition that the integrated analysis of global and regional 
environmental impacts provided by life cycle approaches should be used to guide the 
policy-making process in order to support protection of the environment as a whole 
(Curran, 1997; RCEP, 1998). In the past four years there has been an increased interest 
in the use of life cycle thinking and LCA for this purpose and the implementation of life 
cycle approaches is herein reviewed.
The area of Waste Management has continued to see an increase in the use of LCA to 
guide the decision-making process. At an international level, it has been noted that the 
EC and its Member States are far more advanced than either the United States or Japan 
with efforts to apply LCA to their decision/policy-making process (Schmidt and Beyer,
1999). Recent examples of the use of LCA within the EC include:
• a study by the UK Department of Trade and Industry to investigate options 
under the proposed EC Directive on waste electrical and electronic equipment 
(European Commission, 2000);
• a European Council decision, which highlights the usefulness of LCA for 
investigation of the disposal of off-shore installations (European Commission, 
1999b);
• continuing application under the packaging and packaging waste Directive 
(European Parliament and Council Directive 94/62/EC); and
e studies to support the proposed EC Directive on end of life vehicles (ELY) 
(Schmidt and Beyer, 1999).
Whilst the European Commission has in the past argued for LCA to be used at a 
European level, to determine an EC hierarchy for waste, consensus is building that LCA 
cannot be used to justify any single overriding option or a fixed hierarchy of options. 
Instead, cases-by-case studies should be used together with other assessment tools, to
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support the decision-making process at a local or regional level (EUROPEN, 1999; 
Mayers and France, 1999).
Within the UK, there have been further moves to integrate LCA and life cycle thinking 
into waste management. In the recently published Government waste strategy for 
England and Wales (DETR, 2000a), it is cited that the Best Practicable Environmental 
Option (BPEO) for a waste stream is the option that provides the most benefits or the 
least damage to the environment as a whole (RCEP, 1988). It is then noted that the 
BPEO is likely to be a mix of waste management techniques (recycling, energy or 
material recovery, composting etc.) which should be assessed using décision-support 
tools and techniques such as multi-criteria analysis. In order to ensure the best option for 
the environment as a whole, the waste strategy stresses that a life cycle approach is 
necessary, so that the chosen methods of waste management do not result in a worsening 
of the overall environmental impact. Moreover, as noted in the strategy, the process of 
carrying out an LCA can provide a basis for making strategic environmental decisions, 
even where there is not a clearly preferred option (DETR, 2000a). To support this 
decision-making process the Environment Agency’s life cycle tool for waste 
management, “WISARD”, is now available, which includes inventory data and life cycle 
modelling capabilities (Ecobalance UK, 1998).
With respect to the area of process-oriented policy, LCA has historically had limited use 
(Curran, 1997). This is not due to lack of relevance, since Vernon (1997) highlighted that 
many companies are now using life cycle approaches to assess the impacts of their 
processes within Environmental Management Systems. Rather, it has been the limited 
scope of existing legislation that has hindered more widespread adoption of LCA for 
process-oriented decision-making. As highlighted by both Nicholas et al. (2000) and 
Geldermann et al. (1999), the EC directive on IPPC, which in line with other areas of 
environmental policy requires a high level of protection of the environment as a whole, 
will expand the scope of industrial regulation and thus enable the potential use of life 
cycle approaches. This is an area, which will receive increasing interest in the near
MJ.Nicholas 23
Chapter 2 -  Developments in policies and legislation for industrial pollution control:
Towards life cycle thinking
future. Section 2.4 on assessment methodologies for the determination of BAT provides 
a detailed discussion of this issue.
Another area of policy which has seen a relatively high use of LCA is product-oriented 
policy and in particular the application of LCA for eco-labelling (Curran, 1997; Croner,
2000). Beyond this application, there is now an increasing momentum for an EC 
Integrated Product Policy (IPP) and this is providing the greatest opportunity yet for the 
integration of life cycle approaches into the policy making process (Ernst & Young and 
SPRU, 1998). Nicholas et al. (1998) have noted that EC policy is developing throughout 
the life cycle, as demonstrated by the combined coverage of IPPC and Producer 
Responsibility. These two areas of policy, however fall short of a truly integrated 
approach since they individually regulate limited systems within the life cycle: IPPC 
covers the life cycle from cradle-to-gate whilst producer responsibility covers gate-to- 
grave. Moreover, these areas of policy have been implemented independently and the 
need to co-ordinate these policies across the whole life cycle remains (Nicholas, 1998c). 
The need to take a holistic, life cycle approach and to co-ordinate policies throughout a 
product’s life cycle (from cradle-to-grave) is one of the key drivers for the development 
of an IPP (Ernst & Young and SPRU, 1998). With discussions concerning IPP and what 
the concept may mean on a practical basis gathering pace, it has been identified that there 
are large areas of opportunity for research within the LCA community. These include the 
examination of life cycle case studies for specific products, improvements in 
methodology and wider involvement of stakeholders across the life cycle (Schmidt,
2000). One of the key recommendations of the report by Ernst & Young and SPRU 
(1998) to the European Commission DGXI is to ‘ensure continued research into LCA’. 
This has since been reinforced by the European Consultative Forum on the Environment 
and Sustainable Development who state that, since life cycle thinking is at the centre of 
IPP then ‘government should initiate, participate and support research and development 
aimed at sustainability and life cycle oriented environmental consciousness both of 
customers, business and the society as such’ (ECFESD, 2000).
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The last area of policy to be examined are the environmental strategies and protocols at 
global or regional level, which have the aim of reducing specific impacts (climate 
change, acidification, air and water quality etc). Whilst these do not fit directly into any 
of the above categories (process, product or waste) specific requirements under these 
initiatives will have an influence on the decisions made throughout the life cycle. For 
example, the air quality strategy is being realised partially through enforcing more 
stringent limits under process-oriented policy and partially through the reformulation of 
products (e.g. petroleum) along with other specific measures such as the designation of 
‘air quality management areas’ (Croner, 2000). It has been realised that, even with such 
general strategies, an integrated approach is necessary to identify the trade-offs involved 
between all environmental impacts (Emmott and Haigh, 1996). Examples cited include:
• acidification and air quality strategies could result in increased FGD or nuclear 
generation -  both have their own impacts (Emmott and Haigh, 1996);
• the trade off with nuclear energy (almost CO2 free) is also applicable in the 
climate change debate (RCEP, 2000);
• improvements in water quality are at the expense of increasing quantities of 
sewage sludge, which requires disposal (Emmott and Haigh, 1996).
Quantification of such scenarios, which involve the transfer of burdens between different 
products and processes, is the very issue which the life cycle approach aims to address 
(for example Consoli, 1993; Van den Berg et al., 1995; ISO 14040, 1997; RCEP, 1998). 
Life cycle thinking ensures that the existence of such trade-offs is acknowledged, even if 
there is not yet a method for resolving the complex issue of aggregating impact categories 
and thus of determining which is the preferred option (ISO 14040, 1997; Udo de Haes, 
2000)
It has been demonstrated throughout this review that the increasingly holistic scope of 
legislation and the recognition of the environment as a complex, integrated whole 
(Emmott and Haigh, 1996) has lead to the realisation of the need to expand the system 
boundaries of environmental policy making so that entire life cycles of products are 
considered, from ‘cradle-to-grave’. In addition, when setting environmental standards it
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is necessary to include all options being considered and the ‘cradle-to-grave’ impacts 
related to these so that policies do not alleviate one environmental problem at the expense 
of degradation of the environment as a whole (RCEP, 1998). This essentially requires the 
application of life cycle thinking, or taking a life cycle approach. There is a further need 
for research to improve the use of life cycle approaches in the policy-making context, 
both through improving methodology and reducing the resource intensity of carrying out 
an LCA (Cowell, et al., 1997; Ernst & Young and SPRU, 1998; Clark and de Leeuw,
1999).
2.2.3 The policy-making process
In order to provide a context for the work that follows, which involves development of a 
novel methodology to support life cycle thinking in the policy-making process, it is 
necessary to briefly discuss the policy-making process itself.
Within their 21st Report, the RCEP (1998) outlines the policy-making process from 
recognition of a problem, through scientific assessment to the establishment of 
environmental standards and monitoring of their effectiveness. Here it is important to 
note that scientific and economic assessment methodologies should be viewed as tools, 
which are used to support the decision-making process concerning the various different 
policy options. They should not be considered as mechanistic methods for determining 
the best option, since this requires value judgements to be made. This process is depicted 
in diagrammatic form in Figure 2, which is particularly useful in the manner by which it 
conceptualises the complex, iterative processes involved. Within the RCEP report, the 
diagram is used to support discussion of several important issues within policy-making, 
including the need for improved stakeholder consultation and the possible feedback loops 
that can influence the policy-making process.
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Figure 2: Environmental policy-making process (from RCEP, 1998, p.l 18)
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Recent research has focussed on the role of trust within decision and policy-making 
processes (Slovic, 1998). To demonstrate the significance of building trust, it is useful to 
compare the British and American approaches to risk management and the setting of 
standards. In summary, when comparing risk assessment and management within the UK 
and the US, two different approaches have developed (Bates, 1994; Hannigan, 1995). In 
the UK, a consensual but closed system has developed as a result of the UK's 
parliamentary system. This is typified by confidential discussions between government 
bodies and advisory groups, using qualitative methodologies and guidelines (i.e. lack of 
articulation of people’s values in Figure 2). Whilst this approach allows rapid decisions
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to be made through the application of expert judgement, the lack of public involvement 
can lead to controversy if the resultant decision is either unpopular or subsequently found 
to be wrong; this shortcoming is exemplified by the BSE crisis (Funtowicz et al., 2000). 
In the US, the involvement of stakeholders at all stages of decision-making and the 
ability of citizens to challenge any government decision has created a more legalistic 
approach to decision-making. Whilst this serves to involve many stakeholders in the 
decision process and can result in a more thorough, quantitative examination of the risks 
in question, it has undoubtedly lead to a more adversarial and expensive system (Bates. 
1994; Hannigan, 1995). As concluded by Jasanoff (1986) it appears that the role of 
stakeholder participation can either be too broad (US) or too narrow (UK) and that the 
pressing challenge for modem governments is to strike the right balance between the two. 
In recognition of the criticism of Jasanoff and others, the RCEP (1998) state that within 
the UK there is a clear need for building trust and regaining confidence in the decision­
making process. This must be orientated around methods to ensure that people's values, 
along with lay knowledge and understanding, are articulated and taken into account 
alongside technical and scientific considerations (as depicted in Figure 2). Moreover, 
these values should be explored at the earliest possible stage of setting standards and 
developing policies. However, it is noted that such approaches can be both costly and 
time consuming and a decision must be made as to whether the time and resources 
required outweigh the benefits gained.
Funtowitz et al. (2000) and Funtowitz and Ravetz (2000) discuss that one of the reasons 
why the traditional science-based decision-making processes are no longer sufficient is 
the inherent complexity of systems, which need to be considered when dealing with 
environmental issues. The traditional pursuit of truth and factual knowledge does not sit 
well within the context of environmental decision-making, where facts are uncertain, 
values are in dispute, stakes are high, decisions are urgent and where a plurality of 
legitimate solutions exist. It is proposed that a ‘Post-Normal’ approach to decision­
making is required, whereby all stakeholders form an ‘extended peer community’, which 
can then partake in a ‘quality-assurance’ process whereby the uncertain facts and inherent 
value judgements can be scrutinised. Funtowitz and Ravetz (2000) highlight the RCEP
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1998 report as a ‘sort of manual for Post-Normal science practice’. The role of science, 
whilst still essential, needs to be supplemented by a new approach to problem solving. 
Within Figure 2 it can be seen that the traditional areas of scientific/risk assessment and 
economical appraisal must be considered within the wider process of problem definition, 
policy-making, deliberation and synthesis etc., which all require new approaches to be 
developed to articulate people’s values within the policy-making process (RCEP, 1998).
A further observation highlighted by the RCEP and depicted within Figure 2 is the 
iterative nature of policy-making. The iterative nature can be used to explain the 
previously identified expansion in scope of industrial pollution control. From the early 
controls on alkali works, policies have been formulated in response to the recognition of 
environmental problems. In some cases regulation has been reviewed and found not to be 
effective. In other cases new problems have been identified and existing regulation has 
been considered to be too narrow in scope. Thus, the scope has been expanded towards 
integrated pollution control and most recently the inclusion of issues such as energy and 
raw material efficiency. Social scientists have examined the role of stakeholder 
interactions and feedback loops and have developed theories such as the social 
amplification of risk, whereby the transition from a risk being initially identified to 
becoming a major social issue is dependent upon complex, non-linear interactions and 
communication between ‘experts, the media, lay-people etc’ (Slovic, 1987; Kasperson et 
al., 1988). It is proposed that environmental issues (and policies) are socially constructed. 
The way in which individuals react to a situation and the opinions they (and society as a 
whole) form will be built around the combined factors of past experience, the cultural 
group, the claims making process etc. (Hannigan, 1995).
The implications of this and the other issues discussed surrounding the policy-making 
process will become apparent during discussion of the following methodology for Life 
Cycle Policy Mapping.
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2.3 Life Cycle Policy Mapping: An environmental policy-support tool
2.3.1 Concept
A truly holistic approach to environmental protection must take into consideration the 
whole of a product’s life, from acquisition of raw materials, through manufacture and 
use, to final disposal; that is, from cradle to grave. Through establishing policies to cover 
all stages in a product’s life (process, product and waste), legislators will be in the 
position to minimise the overall impact caused by a product. Whilst this seems to be 
occurring, due to the growing diversity of EC legislation, one important factor must not 
be overlooked. In the same manner that pollution from a process can only be controlled 
effectively if emissions are dealt with using an integrated approach, so too is it only 
possible to minimise the environmental impact throughout a product’s life if the 
controlling policies have been developed in an integrated fashion. One of the major 
challenges facing future policy makers will be to establish co-ordination between the 
control of industrial processes, producer responsibility and the various other policy tools, 
so that individual pieces of legislation do not simply transfer environmental impacts 
elsewhere (Nicholas, 1998c).
Life Cycle Policy Mapping (LCPM) is a tool that has been developed in this research to 
support the adoption of life cycle approaches within the policy-making process and to 
bridge the gap between policy-making and the standard methods for performing LCA. In 
its simplest form, LCPM can be used to support life cycle thinking during governmental 
policy-making. At this level the amount of data required can be kept to a minimum. 
Alternatively, it can be used to scope a full Life Cycle Assessment, to enable examination 
of the impacts related to the detailed requirements of specific policies, to support a case 
specific BPEO assessment. In both cases, LCPM can be used to examine the interactions 
between and the environmental impacts caused by different pieces of legislation. Thus, 
LCPM can provide support to legislators when aiming to achieve an integrated network 
of co-ordinated policies throughout a product’s life cycle, in an effort to give protection 
to the environment as a whole.
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As discussed in section 2.1, the scope of pollution control for the more complex industrial 
processes is increasing as a consequence of the drive towards sustainability. The 
historical approach of controlling releases to single environmental medium has been 
replaced by an integrated approach under part 1 of the Environmental Protection Act 
1990, which in turn is being replaced by more holistic legislation as detailed in Pollution 
Prevention Control Act 1999 and the Pollution Prevention and Control (England and 
Wales) Regulations 2000 (SI 2000 No. 1973). A cone diagram (Figure 3a) has been 
developed to represent this gradual expansion of scope.
Figure 3a: The widening scope of pollution control, as it has developed for large and 
complex industrial installations* (from Nicholas et al., 2000)
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* It should be noted that Figure 3a represents the expansion in scope of legislation as introduced 
specifically for control of pollution from larger industrial processes. It does not include other general 
legislation which may also impinge upon industry, such as the contaminated land regime established by the 
Environment Act 1995 (adding part HA to EPA90), statutory nuisance and waste management licensing 
under the Environmental Protection Act 1990 or developing Producer Responsibility legislation. In 
addition, it should be noted that many smaller processes remain within single medium control regimes, 
such as Local Authority Air Pollution Control or the system of consents for discharges to water. For these 
smaller processes the scope of pollution control has not expandedas greatly as indicated in Figure 3(a). 
Also, in the interest of clarity, the Figure shows the introduction of new legislation, but not its replacement 
by subsequent legislation.
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As with process oriented policies, other areas of environmental legislation have also seen 
an expansion in scope. Product policy is developing from the control of or banning of 
specific chemicals (e.g. ozone depleting substances) towards examination of all burdens 
within a product life cycle (ecolabelling and IFF). Within the field of waste management, 
the traditional approach of controlling waste handling, disposal and recovery to prevent 
harm to the environment is being supplemented with Producer Responsibility legislation. 
Regulation of packaging waste, for example, has been expanded to include statutory 
targets for recovery and recycling in the Producer Responsibility Obligations (Packaging 
Waste) Regulations 1997 (SI 1997 No. 648). A year after these regulations came into 
force, the scope of packaging waste management was expanded still further with The 
Packaging (Essential Requirements) Regulations (1998), which establish additional 
criteria for the composition of and the reusable and recoverable nature of packaging. 
Other waste streams, such as Waste Electrical and Electronic Equipment and End of Life 
Vehicles, are also due to be brought under a Producer Responsibility regime (European 
Commission, 2000; European Parliament and Council Directive 2000/53/EC). The 
expansion of scope of process, product and waste policies is represented in Figure 3b.
Figure 3b: The increasing scope of legislation throughout the life cycle.
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WasteProcess-oriented 
policy *
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At any point in time, the scope of legislation controlling the life cycle of a product will 
influence specific stages. As time continues the policy areas are likely to expand to cover 
the whole of a product’s life cycle. The question to be asked is, does the developing 
legislation help to move the system towards sustainability, or are the individual 
approaches to environmental protection being developed in such a way which will be 
incoherent and thus fail to improve the performance of the system as a whole?
The aim of Life Cycle Policy Mapping (LCPM) is to identify, at any given point in time, 
the scope and role of different policies with respect to the life cycle of a specified 
product. This essentially involves taking a cross section from Figure 3b and transposing 
the scope of individual policy areas or specified pieces of legislation onto the life cycle 
flow diagram for the product being considered (Figure 4).
Figure 4: A conceptual Life Cycle Policy Map
Product-oriented
policy
(in this case, none)
Process-orienti 
policy j
Manufacturing Use
•c
Disposal/Recycle
Waste
policy
Thus it is possible to identify the legislation that impinges onto specific stages of the life 
cycle. This could involve stages regulated by single pieces of environmental legislation 
(e.g. IPPC at point a). It could identify stages in the life cycle which fall outside the 
scope of regulation (point b) and might thus require policies to be developed. 
Alternatively it may identify stages where two or more pieces of legislation are in force 
(e.g. IPPC and Packaging Directive at point c). These could be working in harmony or
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have conflicting requirements. Having identified the scope of different, legislation, the 
specific requirements of each or all policy areas, be they emission limits or recycling 
targets, can be analysed using standard Life Cycle Assessment techniques. This enables 
the quantification of the life cycle impact of legislation, thus ensuring a coherent 
approach to policy making so that the individual and combined influence of policies do 
not cause an overall degradation of the environment.
2.3.2 Methodological framework for use of LCPM for policy-making
It was highlighted previously that there are two potential applications for LCPM:
1. Use of LCPM to support the policy-making process at the appropriate 
governmental level;
2. Use of LCPM to scope a specific BPEO or BAT assessment under existing 
legislation (as applied throughout this portfolio for the determination of BAT 
under IPPC -  sections 2.3.3,2.3.4,2.4.2 and 3.2).
The methodological framework outlined within this section focuses on the first 
application, with a view to providing an approach that can be used to support life cycle 
thinking for policy-making at a governmental level; the key differences in using LCPM 
for BPEO or BAT assessment are outlined at the end of this section. Since decisions 
made at an International, European and National level not only influence the 
environmental impacts of the activities being regulated but also the impacts of any 
associated systems, it is necessary to ensure that life cycle thinking is integrated into the 
policy-making process at the highest levels. As discussed in section 2.2.2, high level 
decisions made with respect to the reduction of a specific impact have the potential to 
produce an increase in burdens elsewhere. For example, Emmott and Haigh (1996) note 
that strategies for reduction of acidification could inadvertently result in an increased 
impact from nuclear power generation. Moreover, to optimise the environmental 
performance of a product system as a whole it is necessary to co-ordinate the individual 
policies that are developed to cover limited systems within the product life cycle (e.g. 
IPPC or Producer Responsibility). To achieve co-ordination of such legislation and
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recognition of the environmental trade-offs associated with environmental decision­
making, it is therefore necessary to adopt life cycle thinking at the governmental level, as 
highlighted by discussion on the proposed EC Integrated Product Policy (Ernst & Young 
and SPRU, 1998; ECFESD, 2000). It is proposed that LCPM can be used to facilitate 
policy-making through the analysis of life cycle impacts of products, processes or 
activities. In addition, LCPM illustrates the scope and relationships between different 
areas of policy in a manner that should be accessible to policy-makers and stakeholders 
with varying levels of technical expertise. Thus LCPM provides a framework that is 
ideally suited to supporting life cycle thinking within governmental policy-making.
The term ‘framework methodology’ is used to signify that the proposed approach should 
not be thought of as a prescriptive step-by-step algorithm for carrying out LCPM, but as 
an outline of the stages required to enable a complete analysis. Part of the reason for 
adopting a framework approach is that the process of LCPM (like policy-making) is 
iterative and the stages outlined may not be carried out linearly and may at times overlap. 
The framework should also be regarded as a proposal, which requires further 
development, including pilot studies prior to mainstream use for policy-making.
As defined in ISO 14040 and outlined in section 2.2.1, there are four stages within LCA: 
definition of goal and scope, inventory analysis, impact assessment and interpretation of 
results (ISO 14040, 1997). LCPM introduces additional analysis of legislation (within 
the inventory analysis stage) resulting in a Life Cycle Policy Map and involves additional 
stakeholder consultation and discussion to support the policy-making process (the 
importance of which has been discussed previously).
• Goal and scope definition
Within conventional LCA it is necessary to identify the objective of the study and the 
intended audience. It is also necessary to identify the scope of the study including issues 
such as the system to be studied, the functions of that system, the system boundaries, data 
requirements, the type of critical review etc. (ISO 14040,1997).
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Considering the application of LCPM within the policy-making process, the goal of the 
study will be to introduce life-cycle thinking into the policy-making process and to assess 
the influence of and impacts caused by policies on a specific product life cycle. The 
audience should be considered to be extensive, rather than restrictive, so that the 
information presented should be accessible to a wide variety of stakeholders. The 
outcome of LCPM is particularly well suited to communication with stakeholder groups 
throughout the life cycle. With respect to the scope of the study, it is necessary to 
identify not only the system being studied and its boundaries, but also the type of policy 
to be assessed and the stage in its development. For example, an LCPM study may be 
applied at the embryonic stage of formation of a specific policy, once a problem is 
initially recognised, to ensure life-cycle issues are included at the earliest possible stages. 
Alternatively LCPM could be applied to examine existing policies and thus evaluate the 
extent to which they could be co-ordinated (this would be the case for use under IPP).
Considering data requirements, the policy-making process will usually use averaged 
system data. For example, the typically achievable operating ranges cited in EC BREFs 
(European Commission, 1999a). This is because National or European policy decisions 
impact upon systems as a whole, as opposed to case specific examples of that system. As 
discussed previously, the level of uncertainty associated with such data, along with the 
uncertainty in the resulting environmental impacts requires review and discussion of the 
study outcomes by an ‘extended peer community’ to achieve a ‘quality-assurance 
process’ (Funtowitz et al., 2000; Funtowitz and Ravetz, 2000). Whilst standard LCAs 
include critical review requirements for the purpose of facilitating understanding and 
enhancing credibility (ISO 14040, 1997), the review required for LCPM will be far more 
extensive with respect to the range of stakeholders consulted. It should also be 
considered that the ‘extended peer community’ review should be carried out throughout 
the policy-making process (not once the study is complete, as with standard LCA) and it 
should be expected that the outcome of such reviews might require the goals and scope of 
the study to be revised.
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• Inventory Analysis 1 : Process Flowchart
This involves creation of a graphical representation of the system being studied in the 
form of a flowchart that depicts energy and material flows, material acquisition, process 
stages, emissions and wastes.
Again it must be emphasised that the methodology is iterative. Having created a sitemaps 
flowchart, it is likely that policy requirements identified in following stages will in turn 
lead to alterations in the flowchart (e.g. the setting of emission limits may require 
additional end-of-pipe technologies). This would lead to the creation of new life cycle 
stages and possibly introduce new pieces of legislation onto the map (e.g. landfill of spent 
sorbents would introduce duty of care and landfill tax). It may also be necessary to revise 
the process flowchart to include additional detail, so that the influence of specific policies 
can be distinguished.
• Inventory Analysis 2: Data Collection
During data collection, stakeholders from major stages within the life cycle must be 
consulted, to ensure that the data to be used within the study are current and include all 
issues that the key stakeholders perceive to be significant. This ‘restricted stakeholder 
consultation’ is essentially the process that has been traditionally carried out in the UK 
(involving scientific or parliamentary committees plus industry representatives and trade 
bodies) and needs to be considered as separate from the ‘extended peer community’ 
review required for validation of the overall policy-making process. As discussed by 
Cowell et al. (1997), the number and range of key stakeholders that will become involved 
at this point will depend on the time and resources available within the policy-making 
process.
A consequence of consulting a range of stakeholders throughout the life cycle is that the 
overall data reliability can be improved, as compared with consultation with only one or a 
limited number of stakeholder(s). Here reliable data are considered to be data that are 
closely representative of the actual system flows (as opposed to being estimated). Figure 
5 highlights that, if data are obtained from a single stakeholder, the reliability of that data
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will decrease with increasing distance from the stakeholders position in the life cycle, 
since data from all life cycle stages other than stakeholder’s own stage will require some 
degree of estimation (5a). When partaking in multiple stakeholder consultation, data will 
be available at first hand from each life cycle stage and thus the overall reliability of the 
data will be improved (5b).
Figure 5: Data reliability for single or multiple stakeholder consultation (adapted from 
Schaltegger, 1997 after discussion with Robertson and Collins, 1998).
5a Single stakeholder (i.e. production stage) providing data for entire supply chain
High ▲
The detail of data to be collected depends upon the scope of the assessment. It has been 
highlighted previously that the application of LCPM to support life cycle thinking within 
the policy-making process will require simplified or indicative data (as opposed to case 
specific). This will give a feel for the general impacts within the life cycle, and thus 
identify possible hot spots, which could require a more detailed analysis (Cowell et al., 
1997). In addition to the relevant material and energy flows it is also necessary at this 
point to tabulate all available legislative data and requirements such as emissions limits
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or recovery and recycling targets. These may be from existing policies or may be 
proposed limits or targets when examining new policies.
• Inventory Analysis 3: Policy Identification
For each of the stages in the life cycle, and all the linking transportation, it is necessary to 
identify the policies that have an influence on the material or energy flows associated 
with that stage. Any policy associated with that stage, which does not affect the material 
or energy flows, should not be considered. Depending upon the scope of the study, the 
policies examined could be limited to regulation or could be extended to include other 
influential policies (for example fiscal policies). It would also be possible to include the 
influence of policies not specifically aimed at environmental protection. It may be found 
that some stages are influenced by many pieces of legislation. If this is the case then the 
practitioner should consider returning to the process flowchart and introducing more 
detail. This could enable the influence of the individual pieces of legislation to be 
distinguished or alternatively might demonstrate duplication of policy.
• Inventory Analysis 4: Policy Mapping
By combining the information obtained in stages 1,2 and 3 it is possible to map the scope 
of the identified policies onto the system flowchart. At a practical level this is achieved 
by highlighting the scope of different policies on the flowchart using an acceptable 
nomenclature for individual policies (different colours, patterns or symbols). The policy 
mapping process (the most novel aspect of LCPM) allows the scope of legislation to be 
depicted in a manner that can be clearly understood, thus supporting the ‘extended peer 
community’ review, which requires inclusion of both experts and lay-people.
• Inventory Analysis 5: Data processing (optional)
As for standard LCAs, data is compiled into a Life Cycle Inventory (LCI), which 
tabulates the indicative flows for each life cycle stage. Depending on the level of detail 
involved within the study this stage may not be necessary. For example, it would be 
inappropriate to make a detailed inventory analysis if the purpose of the study was to 
introduce life cycle thinking into the initial stages of policy-making.
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• Impact Assessment (optional)
The LCI data are classified and characterised into a shortlist of environmental impacts. 
As with the previous stage a full Life Cycle Impact Assessment may not be applicable, 
rather the general impacts of the system should be considered, based on the available, 
indicative data.
• Improvement Assessment
The aims of this stage are to investigate the sensitivity of the system to policy goals and 
also to investigate possibilities for improvements in the various existing or proposed 
control mechanisms. This involves analysis of ‘what-if scenarios, with alteration of the 
policy requirements to create variations within the system. For example, legislative 
limits and targets would be adjusted, resulting in different system perturbations for the 
different scenarios. During this stage, alterations to the scope of proposed or existing 
policies should also be examined.
• Extended peer community review
As discussed extensively (section 2.2.3), the requirement for an ‘extended peer 
community review’ (Funtowitz et al., 2000; Funtowitz and Ravetz, 2000) is essential to 
enable articulation of societal values within the policy-making process (RCEP, 1998). 
There is, however, no single format for engaging the wide range of stakeholders and 
whilst there has been much discussion on this issue, with increased use of citizens juries 
or focus groups, the need for further research remains (O’Brien et al., 1996; Cowell et al., 
1997; RCEP, 1998; Funtowitz and Ravetz, 2000; Schmidt, 2000).
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2.3.3 Application of LCPM for scoping a BPEO or BAT assessment
The methodology proposed above has been discussed for the application of LCPM to 
support the policy-making process. It has been highlighted, however, that LCPM can 
also be used to support a BPEO decision under existing policy. Under this application, 
the following primary differences in methodology would be applicable.
-  Within the definition of goal and scope the study will be restricted by the 
requirements of existing legislation. For example, a BPEO assessment for a 
process under EPA90 could not include examination of energy efficiency, 
since EPA90 does not give the EA powers to regulate this aspect.
-  There will be less scope for the inclusion and investigation of stakeholder 
values, since requirements will be fixed in legislation, although some degree 
of extended peer community review may still be necessary to reconcile 
disparate impacts.
-  The data to be used will be case specific and comprehensive (including 
indicative data only for important elements of the surrounding system).
-  All stages of Inventory Analysis and Impact Assessment will be required to 
enable assessment of different options and identification of the BPEO.
-  Improvement assessment will be restricted to within the bounds of existing 
legislation. For example, packaging recovery and recycling levels must be 
above the statutory EC minimum level (European Parliament and Council 
Directive 94/62/EC). A further example is that, as stated in schedule 2 of the 
Pollution Prevention and Control (England and Wales) Regulations 2000 (SI 
2000 No. 1973), when determining BAT and subsequent emission limit 
values, consideration must be given to the information on BAT published by 
the EC under article 16 of the IPPC Directive (i.e. EC BREFs).
Application of LCPM for the determination of BPEO would result in an assessment 
similar to that presented in 2.4 and 3.2.2 examining the determination of BAT for 
Integrated Pollution Prevention and Control (Nicholas et al., 2000).
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2.3.4 Policy-Mapping example
During the course of the research, a generic policy map has been used to support 
discussion on developing legislation (Nicholas, 1998c; Nicholas and Terry, 1998; 
Nicholas et al., 1998). This is presented here to demonstrate the policy mapping process 
(not the complete LCPM methodology). A more extensive LCPM example can be found 
in section 3.4.
The life cycle flow diagram shown in Figure 6 is typical for a single material product 
system. Raw materials, together with material recyclate are processed to form the desired 
product, with additional inputs of energy and process utilities (water, compressed air, 
steam etc.). The product is then packaged (or used as packaging) and enters its use 
phase. At the end of its service life (which may be several years later) the product enters 
the waste management process where it can either be sorted and reprocessed for reuse, 
transported for material recycling, energy recovery or disposal. For policy making, data 
will usually represent the flows in a national or regional system. It is important, however 
to consider the global system and to include possible imports and exports to the system, 
represented here as a flow to and from the use phase.
Figure 6: Generic material life cycle for manufacture, use, reuse, recovery and disposal.
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In this case, for the purpose of methodological demonstration, policy mapping is limited 
to two developing policy areas that are currently attracting a high level of attention within 
industry: IPPC and Producer Responsibility. The scope of these as implemented in the 
UK is identified in Figure 7. A wider selection of policies is analysed in section 3.4.
Figure 7: Life Cycle Policy Mapping -  UK implementation of IPPC and Producer 
Responsibility (adapted from Nicholas et al., 1998)
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It is clear from Figure 7 that IPPC, with its new requirements for consideration of energy 
and raw material use, ensures that the whole of the front end of a product’s life cycle is 
controlled, from 6cradle-to-gate’. With respect to Producer Responsibility, the exact 
scope of EC legislation is less clear since, under the concept of subsidiarity. Member 
States have some flexibility in the implementation of Directives at a national level. As 
depicted in Figure 7, in the UK Producer Responsibility Obligations (Packaging Waste) 
Regulations 1997 (SI 1997 No. 648) focuses on the waste management process of 
recovery and recycling. This has since been extended within the Packaging (Essential 
Requirements) Regulations 1998 (SI 1998, No. 1165) to include product composition and 
design issues (not highlighted in Figure 7). Other Member States have taken a still 
broader view of Producer Responsibility to include issues relating to the product’s use
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phase (Ernst & Young and SPRU, 1998). On a general basis, Producer Responsibility 
covers a product’s life cycle from ‘gate-to-grave’. This is consistent with the EA’s LCA 
tool for waste management options ‘WISARD’, which provides gate-to-grave 
assessments (Ecobalance UK, 1998).
Taken together, the Directives on IPPC and Producer Responsibility virtually cover all of 
the life cycle. As noted by Nicholas et al. (1998), this represents a new measure of 
holism in environmental performance, which many industries have yet to realise, let 
alone adapt to. The implications for the environmental performance of product systems 
should be positive. If a manufacturer is required to consider its life cycle environmental 
impacts, the legislation should promote first waste minimisation, then clean technology, 
and potentially industrial ecology - if the waste from one installation can be utilised as 
feedstock for another, then this is likely to be a Best Environmental Option. However, as 
demonstrated by the varying scope of requirements for packaging, the principle of 
devolution to the most appropriate level leaves a potential for variations and ‘gaps’ in the 
legislation. Through extending the study to include data on impacts gathered from 
stakeholders throughout the life cycle, LCPM could be used to ensure that these gaps do 
not leave any uncontrolled pollution ‘hot-spots’ within the life cycle. Moreover, the use 
of life cycle data could ensure that the different areas of legislation are co-ordinated to 
ensure optimisation of the environmental performance of the whole life cycle.
This example has taken a simplified look at legislation to demonstrate the policy mapping 
process. It has demonstrated that LCPM provides a life cycle perspective to the analysis 
of policies and legislation, which promotes a holistic approach to policy-making. A more 
detailed example of LCPM can be found in Section 3.4, which examines the legislation 
influencing the glass life cycle. In addition, the exercise carried out here, which included 
the identification of the boundaries of IPPC, is examined further in the following section 
with respect to the application of a life cycle approach for the determination of BAT for 
IPPC. This is extended in Section 3.2 with case studies of the glass industry to 
demonstrate how a ‘cradle-to-gate’ LCA can be used for the determination of BAT, 
including identification of the optimum emission limits for a process.
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2.4 Determination of BAT for Integrated Pollution Prevention and Control
2.4.1 The need for a Life Cycle approach
As highlighted in the initial literature review covering assessment methodologies for 
industrial pollution legislation (Annex I), the UK has moved from the use of regulations 
for the separate control of releases to a single medium, towards an integrated approach 
(Skea and Smith, 1998). This was as a consequence of recommendations made by the 
Royal Commission on Environmental Pollution (RCEP) which highlighted that pollution 
control has the potential to transfer one form of pollution to another (RCEP, 1976). It 
was also noted that the scope of IPC under EPA90 is restricted to the control of emissions 
from individual processes. The House of Commons Environment Committee (1997) 
stated that this has impeded the Environment Agency (EA) from fulfilment of the duties 
required of them by the Environment Act 1995. The limitations of EPA90 prevented the 
EA from considering wider environmental impacts, such as those from energy and raw 
material use, when making decisions about the "Best Practicable Environmental Option 
(BPEO). With the implementation of IPPC, these limitations are to be removed, since 
IPPC has a wider scope than EPA90, allowing consideration of many more 
environmental impacts (Council Directive 96/61/EC; Aichinger, 1997; Fisk, 1997). The 
Environment Agency has now been given the powers to take a holistic approach to the 
protection of the environment as a whole (Pollution Prevention and Control (England and 
Wales) Regulations 2000 (SI 2000 No. 1973)). The EA will now be able to develop an 
assessment methodology with a wide scope and thus fulfil its obligations to make a 
contribution to sustainable development.
Observers have noted that, in order to provide an adequate basis for the determination of 
BAT, there is a need to develop methodologies to support the implementation of IPPC 
both at national and EC Levels (Emmot, 1997). It was noted, however, in section 2.1.3 
that the EC BREF guidance for implementation of IPPC will not address the issue of 
‘BAT assessment methodologies’. The Directive (preamble, s. 18) states that “it is for 
Member States to determine how the technical characteristics of the installation 
concerned, its geographical location and local environmental conditions can, where
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appropriate, be taken into consideration” (Council Directive 96/61/EC). This follows the 
concept of subsidiarity and the need for case specific decision-making. The challenge 
now facing Member States is to develop a systematic approach to integrated assessment, 
incorporating both emissions from an installation and the wider issues included in IPPC 
(Nicholas et al., 2000 -  included in Annex II). Since IPPC gives limited guidance on the 
methodologies to be adopted, there is a danger that in implementing IPPC the desired 
level of harmonisation will be lost (Emmot, 1997). The Directive allows for uniform 
emission limits to be adopted where a need for such action is identified (Article 18), 
which may occur for example if discrepancies are apparent in implementation of the 
Directive, in particular as a result of the exchange of information provided for in Article 
16 (i.e. compilation of BREFs). However, this opposes the preferred site-specific 
approach to pollution control and could lead to the adoption of limits that are not 
appropriate for a given location. It is therefore important when competent authorities 
reach the stage of developing methodologies, that consultation occurs between the 
different Member States to ensure a unified approach to the determination of BAT 
(RCEP, 1998; Nicholas et al., 2000).
There is a growing literature base, which suggests that the methodologies for the 
determination of BAT should be based on a life cycle approach. Almost a decade has 
passed since the OECD recommended that member countries ‘practise integrated 
pollution prevention and control, taking into account the effects of activities and 
substances on the environment as a whole and the whole commercial and environmental 
life cycles of substances when assessing the risks they pose and when developing and 
implementing controls to limit their release’ (OECD, 1991; Emmot, 1997). As noted by 
Emmot (1997), whilst the IPPC Directive does not attempt to control the whole life cycle 
(as initially recommended by the OECD) the increased scope of EC Directives does 
produce increasing possibilities for the incorporation of life cycle techniques into 
environmental policy.
Nicholas et al. (1997) proposed that the current LCA methodology fulfils the criteria 
required to assess the environmental burdens of an installation in a holistic manner, to
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ensure the introduction of more sustainable methods of practice, as required by IPPC. 
The Royal Commission on Environmental Pollution (RCEP, 1998) has since reinforced 
this recommendation in their twenty-first report ‘Setting Environmental Standards’. As 
stressed by the RCEP, an approach based on LCA is the most appropriate method to 
ensure that the full range of options and direct repercussions are considered when 
assessing various technologies. The benefits of applying a life cycle approach have been 
discussed at length (for example Consoli, 1993; Van den Berg et al., 1995; ISO 14040, 
1997; RCEP, 1998). The specific rationale for developing a life cycle approach for the 
determination of BAT under IPPC include:
•  The wider scope of IPPC as compared with the regimes under EPA90 requires a 
holistic approach, which can be provided by the existing, standardised LCA 
methodology (discussed in sections 2.2 and 2.3).
• Within LCA, the normalisation of impacts to a functional unit allows comparison of 
releases to different media and allows comparison of very different process systems, 
based on the commonality of the function that they perform (ISO 14040,1997).
• Through the application of Life Cycle Impact Assessment, the system inventory data 
is reduced to a small number of environmental themes, thus simplifying comparison 
of systems that have a large number of burdens. These themes are consistent with 
those central to sustainable development (Azapagic and Perdan, 2000)
• LCA ensures that global impacts are considered within the assessment.
• LCA can be used to highlight ‘hotspots’ within a system, i.e. the stages causing 
greatest environmental harm, which can then be targeted for improvement (section 
3.2.1). Thus, enabling cost effective improvement of environmental performance.
• The life cycle approach enables a holistic assessment of impacts and ensures that 
reduced environmental burdens at one point in the cycle are not met at the expense of 
a greater increase in burdens elsewhere (The Engineering Council, 1994).
Thus, LCA is ideally suited to the integrated, holistic assessment required by IPPC to 
assess the technologies being considered as BAT and to identify those which have the 
lowest 'cradle-to-grave' impacts based on emissions, energy and resource use (Nicholas et 
al., 2000).
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Recently, other researchers have arrived at the conclusion that LCA is an appropriate tool 
for determination of BAT under IPPC. Most notably Geldermann et al. (1999) proposed 
an integrated approach for BAT determination that is ‘grounded on the basic concept of 
Life Cycle Assessment’, using a case study of Sinter production within an integrated Iron 
and Steel works. The approach is intended for use by the Technical Working Groups in 
order to support their assessment of available techniques when compiling the EC BREFs. 
Whilst the life cycle approach proposed should be endorsed, it must be highlighted that 
the full LCA methodology as proposed by Geldermann et al. (1999) is inappropriate and 
unnecessary for drafting BREFs. It is clearly stated in the Directive (Article 16(2)) that 
the purpose of the BREFs is limited to providing an exchange of information between 
member states concerning BAT. It is for Member States to make the final decision with 
respect to the emission limits for individual installations, without prescribing the use of 
any technique or specific technology (Article 9). The BREF documents reiterate this. As 
stated in the draft glass industry BREF, their purpose is to ‘provide reference information 
for the permitting authority to take account when determining permit conditions’. The 
BREF ‘does not contain emission limit values’ (European Commission, 1999a). 
Therefore, at the level of compiling BREFs, it is not appropriate to carry out a full LCA 
to determine a specific technique, as proposed by Geldermann et al. (1999). At the BREF 
level it is more appropriate to encourage life cycle thinking in order to highlight the 
potential impacts of a technique. Indeed, there is some evidence of this occurring. For 
example within the glass BREF, where it is noted that the benefits of reduced emissions 
and reduced energy use associated with firing a furnace with an oxygen/fuel mix should 
be balanced with the additional impacts associated with the production of oxygen. It is 
proposed within this portfolio that detailed LCA should be applied on a case specific 
basis to support analysis of specific installations (Nicholas et al., 2000).
Within the UK, the EA has recently embarked upon a revision process for the BPEO 
guidance El, originally published in 1997 (Environment Agency, 1997). To enable this, 
the EA has commissioned the Environmental Analysis Co-operative to produce a report 
examining the stages within the BPEO approach and recommending modifications that 
would be appropriate for the production of an ‘E2’ BPEO guidance under IPPC
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(Environmental Analysis Co-operative, 2000). Whilst this report is currently in draft 
stage, its published conclusions are likely to promote the use of LCA for determination of 
BAT in the UK. Citing directly the paper by Nicholas et al. (2000), it is highlighted 
within the section on the ‘exercise of expert judgement’, that through definition of the 
appropriate system boundaries (i.e. ‘cradle-to-gate’) the LCA methodology can be used 
for evaluations under IPPC. It is recommended that LCA should be examined further as 
a potentially valuable method for converting releases to the environment to impacts on 
the environment. Further, within the report, the glass industry case studies presented by 
Nicholas et al. (2000) are used to demonstrate the graphical interpretation of impact 
categories and methods for managing the uncertainty associated with differing 
methodologies for Impact Assessment. It is clear from the Environmental Analysis Co­
operative’s draft report that this doctoral research has made a key contribution to 
knowledge and practice within this area and that as a consequence, the use of LCA for 
the determination of BAT is receiving serious and active consideration.
In recommending the use of LCA, it must not be overlooked that IPPC requires local 
conditions to be taken into account. This raises a methodological problem since there is 
no single tool which can be used to assess the total impact on both global and local, site- 
specific bases. The decision-maker must therefore decide which tools are appropriate for 
the specific study. Clift and Doig (1996) have discussed the cases whereby it is necessary 
to use a global impacts tool that is time and site-independent, such as LCA, with a local 
impacts tool that is time and site-dependent, such as Impact Pathway Assessment (IPA) 
(see Figure 8).
M.J.Nicholas 49
Chapter 2 -  Developments in policies and legislation for industrial pollution control:
Towards life cycle thinking
Figure 8: Application of LCA and site specific approaches such as Impact Pathway 
Assessment (from Clift and Doig, 1996)
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Case A. Choice of technology for an unspecified site; this is the established application of LCA.
Case B. Assessment of local effects of emissions from a specified technology at different sites; 
this is the established application oflPA.
Case C. Choice of technological process for a specified site, requiring both LCA and IPA.
Case D. Selection both of the site and the technology, requiring both LCA and IPA.
The assessment of BAT for a specific installation concerns the choice of a technological 
process for a given location (Case C in Figure 8). This requires both LCA and IPA: LCA 
to provide an integrated assessment of the impacts on the environment as a whole, and 
IPA to highlight risks to receptor groups from specific releases. The methodological 
problems lie in reconciling these approaches. For atmospheric emissions, from both fixed 
installations and road transport, a methodology is emerging to combine LCA and IPA 
(Spadaro and Rabl, 1999). This approach however is not yet fully established and as yet 
no equivalent approach is available for site-dependent releases to water and soil. Thus 
there is currently no general method for determining BAT for a specific site, which 
considers local issues together with the entire life cycles of materials and energy.
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It can be concluded that there is a growing recognition of the need for life cycle 
approaches under IPPC. At the EC level this involves the integration of life cycle 
thinking into the process of preparing BREFs. At the level of BAT determination for a 
specific installation a detailed LCA should be undertaken. This assessment must 
however form an integral part of the decision making process, together with location- 
specific approaches, to support BAT determination.
2.4.2 The Scope of a Life Cycle based BAT assessment
This section provides a detailed analysis of the scope of an LCA required in supporting 
the determination of BAT within the decision-making process. The methodology is then 
demonstrated through a case study of the glass industry, examining the choice of furnace 
fuel and retrofit techniques as presented in Section 3.2.2.
To determine the appropriate system boundaries of a life cycle based assessment to 
support the choice of BAT, it is necessary to examine the scope of IPPC (Council 
Directive 96/61/EC). A point to note is that the task of comparing the impacts of 
different products or services is not within the scope or purpose of the IPPC Directive. 
The aim of a BAT assessment is to compare various techniques for the production of a 
specific product or products and to identify those with the least environmental impact. 
Therefore, as long as the various processes do not alter the product specification, it is 
possible to omit all environmental impacts related to the product use and disposal. In this 
case the LCA can be streamlined so that the BAT assessment is solely based on 'cradle- 
to-gate' life cycle data (as highlighted previously by the application of LCPM in section 
2.3.4) on the assumption that the patterns of use and disposal of the product are not 
dependent upon the method by which the product is manufactured.
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In defining the system boundaries, the Foreground/Background system approach 
developed by Clift and Doig (1996) is particularly helpful, whereby the 'cradle-to-gate' 
system is subdivided into:
Foreground System, comprising the installation, which includes gas cleaning, 
effluent treatment and on-site waste management. The definition of 'installation' 
corresponds roughly to the site boundaries of a plant.
Background System, including all activities which exchange materials and energy 
with the foreground system, but are otherwise unaffected by choices made in the 
foreground system.
A detailed breakdown of specific stages in the foreground and background is presented in 
Table 3 and Figure 9.
Table 3 : Life cycle stages in the foreground and background
System Life Cycle Stage Notes from IPPC Directive (Council Directive 96/61/EC)
Foreground
Background
Installation
(including gas 
cleaning, effluent 
treatment and on 
site waste 
management)
Off-site waste 
management
Energy production
Extraction and 
processing of raw 
materials
In determining BAT, consideration must be given to the use o f low- 
waste technology; the use of less hazardous substances; the furthering 
o f recovery and recycling of substances generated and used in the 
process and of waste, where appropriate; the need to prevent or reduce 
to a minimum the overall impact of emissions on the environment and 
risks to it.
Installations must be operated in such a way that no significant 
pollution is caused and waste production is avoided; where waste is 
produced it is recovered or,
where that is technically and economically impossible, it is disposed o f 
while avoiding or reducing any impact on the environment.
Installations must be operated in such a way that energy is used 
efficiently.
In determining BAT, consideration must be given to the consumption 
and nature of raw materials (including water) used in the process and 
their energy efficiency.
Excluded 
from system
Product use and 
disposal
IPPC is focused on the prevention and minimisation of pollution from 
industrial activities only. Other legislation covers product use, disposal 
and recovery (e.g. Producer Responsibility).
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Figure 9: The system boundaries for BAT assessment within IPPC 
(adapted from Clift and Doig, 1996)
THE ENVIRONMENT
SYSTEM BOUNDARY
Primary Resources (or end of life materials for 
waste management installations)
Background system
Energy and 
Raw Materials
Recovered Energy 
and Materials
Foreground system
Installation
Off site Waste 
Management/Disposal
-► Pollution
Pollution
(Emissions)
► Pollution
Recovered Materials Functional Output: Unit of Product
(or unit of throughput for waste management installations)
With respect to the quality of data required for the assessment, the data used for the 
foreground system (the installation) should be case specific. These should either be 
operational data collected from the installation or, in the case of a new or modified 
installation, case-specific design data. For the background system, specific data 
concerning the materials, energy sources and waste disposal routes associated with an 
installation are often not available or may change over the lifetime of that installation. 
For example electrical energy is supplied from the national grid, which has a varying mix 
of generation sources. In these cases it is appropriate to use industry-averaged data (e.g. 
UK average energy mix) which are readily obtainable from databases.
M.J.Nicholas 53
Chapter 2 -  Developments in policies and legislation for industrial pollution control:
Towards life cycle thinking
For the purpose of an LCA, the emissions and resource use can be termed as Direct, 
Indirect or Avoided Burdens (Clift and Doig, 1996). Direct Burdens arise from the 
foreground system (the installation); Indirect Burdens arise from production of materials 
and energy in the background system for use in the foreground; and Avoided Burdens 
correspond to activities in the background system which are displaced by materials or 
energy recovered from the foreground. Avoided burdens become most significant when 
dealing with BAT options for waste management processes involving recovery of energy 
or materials (Clift and Doig, 1996).
In applying the streamlined, 'cradle-to-gate' life cycle approach for BAT assessment, it is 
important to bear in mind that, whilst the solution may be the BAT for production of that 
specific product, it may not be 'sustainable' in the most general sense of the term (Clayton 
and Radcliff, 1996; Clift, 1998b). Sustainable development requires attention to social 
and ethical concerns that are not mentioned in the IPPC Directive (Council Directive 
96/61/EC) nor in discussions on Integrated Product Policy (Ernst & Young and SPRU, 
1998; ECFESD, 2000). The criticism therefore remains open that IPPC can be applied to 
selecting environmentally the 'best' way to provide goods and services that are so 
wasteful and unnecessary as to be socially and economically unacceptable. Addressing 
this issue requires weighting of environmental impacts against socio-economic values 
(Clift, 1998b), something which at present no EU legislation attempts to address.
When taking a life cycle approach it is necessary to relate all environmental burdens to 
the function that the system delivers, thus enabling comparisons to be made between 
releases to different environmental media. The function of the system is defined by the 
Functional Unit (Consoli, 1993; Van den Berg et al., 1995; ISO 14040, 1997). For 
instance, the functional unit could be 'operation of the system for one year' or 'production 
of 1000 kg of a product'. From a legislative viewpoint, emissions have traditionally been 
quantified in terms of the stream in which they are carried: mg/m3 or mg/1, for example. 
Like LCA however, IPPC encourages emissions to be related to a functional unit, for 
example the product of the installation. For example, the glass BREF expresses example 
emission data both as volumetric concentrations and mass emission per tonne of glass
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melted (European Commission, 1999a). Normalisation to mass of product allows easier 
comparison between different technologies and releases to different media. Moreover, 
since the environmental burdens associated with off-specification products are accounted 
for, the choice of a unit of saleable product as the common basis encourages more 
efficient processing and thus reduces the burdens associated with an installation.
Having identified the streamlined, ‘cradle-to-gate’ system boundaries and the functional 
unit, the BAT assessment would be carried out in accordance with standard LCA 
practice. Inventory data would be collected and compiled and the system environmental 
impacts calculated through Life Cycle Impact Assessment (LCIA). A controversial 
aspect of the life cycle approach proposed by Geldermann et al. (1999) is that, following 
LCIA, a decision support stage is recommended whereby the impact categories are given 
weightings, with the aim of allowing comparisons to be made between impact categories. 
Geldermann et al. (1999) stress that weightings must be investigated with great care and 
the influence of the weightings examined using a sensitivity analysis. Although the 
existence of a single environmental score may seem appealing for the decision making 
process, there are several problematic issues associated with this (Udo de Haes, 2000). 
There is the danger that in establishing weightings, the subjective value judgements 
required of the ‘expert decision makers’ will not be fully transparent. There are also the 
dangers that weightings will not include the views of all stakeholders and will not result 
in a consistent assessment procedure (weightings could be changed from one assessment 
to another). ISO 14040 (1997) highlights that there is no scientific basis for the reduction 
of LCA results to a single score. It is clear that there are no easy solutions to the issue of 
comparison of seemingly disparate impacts. If one preferred option is not clearly 
identifiable subsequent to LCIA, then in order to evaluate the trade-offs between different 
impacts it is necessary to partake in a consultative or deliberative process with all 
stakeholders (RCEP, 1998; Nicholas et al., 2000). This would be akin to the ‘extended 
peer community review’ proposed by Funtowicz et al. (2000), discussed in section 2.2.3.
In order to demonstrate the application of a ‘cradle-to-gate’ LCA to support the 
determination of BAT, the glass industry is used as a case study in section 3.2.2. This
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highlights the importance of including the impacts associated with indirect burdens, such 
as electricity generation, since in some cases these can be more significant than the direct 
burdens with respect to the overall environmental impact of an installation.
It has been established within this section that, in theory, a ‘cradle-to-gate’ LCA can be 
applied to support the determination of BAT; this has been explored for the practical case 
of the glass industry (section 3.2.2). However, the widespread application of LCA for 
support of BAT determination across industry requires much further research. Most 
significantly, the issue of resource intensity (financial, time and expertise availability) 
requires further investigation. It was highlighted in section 2.2.1 that the time consuming 
nature of LCA, due to data requirements, is providing a barrier to the further uptake of 
life cycle approaches (Curran, 1997; Azapagic, 2000). This concern was echoed by 
respondents to a Government consultation concerning application of LCA to examine the 
impacts of consumer products on the environment (DETR, 1999d). Likewise, industry 
will require assurance that the methodologies used to support determination of BAT are 
‘Not Entailing Excessive Cost’. If LCA is to become a routine tool for support of 
decision-making, either for determination of BAT under IPPC or within wider policy 
based decision-making, then the cost barrier must be overcome (Azapagic, 2000). 
Importantly, ongoing work is addressing the issue of resource intensity. Approaches 
which can reduce assessment costs include ‘streamlining’ of the assessment, limiting the 
data required to the environmental ‘hot-spots’ in a life cycle or to a set of key indicators 
of environmental performance (Curran and Young, 1996; Cowell et al., 1997, DETR 
1999d). It is highlighted however that, whilst a simplified approach may reduce costs, 
care needs to be taken that the holistic perspective is not lost and that LCA’s ability to 
identify impact trade-offs is not compromised (Cowell et al., 1997).
With respect to the requirements of IPPC (Council Directive 96/61/EC), it is likely that 
the additional issues which require consideration will in any case place an increased 
burden on industry. Early experience of applications for permits required by the 
Pollution Prevention and Control (England and Wales) Regulations 2000 (SI 2000 No. 
1973) has indicated that the additional information necessitated by their broader scope
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can extend the time and costs associated with a permit application (ENDS, December 
2000). This increase in permitting costs is irrespective of the application of LCA to 
support the decision-making process. Therefore, if the LCA were streamlined to include 
only those polluting substances (schedule 5) and BAT considerations (schedule 2) 
required by the Regulations, then the additional costs of using LCA will be associated 
with the availability of background data and the processing of inventory data to give 
environmental impacts. It is therefore necessary to quantify the additional cost of 
carrying out an LCA as compared with the currently proposed permitting process. This 
must include further investigation of availability of background data for all sectors of 
industry covered by the Regulations and an examination of the data requirements for a 
permit application to establish that they are sufficiently comprehensive and presented 
within a format which would enable a user friendly application of LCA. The whole 
process would be made more transparent and less onerous if the Regulatory Authority -  
e.g. the Environment Agency in England and Wales -  were to develop an agreed database 
of background life cycle inventory data.
On establishment of the additional costs associated with the application of LCA to 
support BAT decision-making, they must be balanced against the potential benefits (as 
outlined within this portfolio) that can be gained from adopting a life cycle perspective. 
Thus, prior to widespread adoption of life cycle approaches to support BAT decision­
making, there is a need for further research to investigate if the benefits that can be 
gained by taking a life cycle perspective outweigh the assessment-associated cost. Such 
research will inevitably face further challenges, not least the ongoing problem of 
ascertaining the value to place on the outcome of the decision-making process, which 
essentially depends upon the value to be placed on environmental protection (Jackson, 
1996).
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Chapter 3
The Glass Industry: A case study
3.1 Introduction to glass manufacturing
3.1.1 The manufacturing process
Glass is produced in horizontal furnaces, such as that illustrated in Figure 10, with a 
capacity to manufacture typically 200-500 tonnes per day of glass. The manufacturing 
process involves heating the raw material batch (mainly silica, lime, soda and recycled 
glass - cullet) to the molten state at 1400 - 1600°C, and maintaining that temperature to 
allow the homogeneous formation of the glass (Pfaender, 1996). The molten glass then 
flows from the furnace to be formed into the desired shape, for example float or container 
glass. The furnace melting energy (7.8 MJ/kg glass -  DoE, 1994) is usually supplied by 
firing via burners with either natural gas or fuel oil burners. Combustion products (N2 , 
H2 O, CO2 , O2 , NOx, SOx and particulates), together with products from the glass melt 
reactions (particulates, CO2 , SOx, HC1, HF and small quantities of other compounds) are 
emitted from the furnace. Prior to being released to atmosphere, energy is recovered from 
the waste gas (by using it to heat combustion air). It can also undergo possible ‘end-of- 
pipe’ gas cleaning, such as acid gas scrubbing and particulate removal in an electrostatic 
precipitator (Lurgi, 1993; Lurgi 1997a). A more detailed description of glass furnaces and 
their emissions can be found in Annex I and within the glass industry BAT Reference 
document (European Commission, 1999a).
Figure 10: Cross section of a typical glass furnace melting tank (from Pfaender, 1996).
Qass rrelt
(1) glass batch container; (2) batch feeder; (3) batch feeding compartment - ‘dog house’ 
(4) melting and refining tank; (5) tank throat; (6) forehearth; (7) feeder to glass forming; 
(8) roof or ‘crown’ of the melting tank; (9) burner ports.
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3.1.2 Regulation and available techniques
Under EPA90, the glass industry is listed as a part B process for Local Authority Air 
Pollution Control (LAAPC). The process guidance notes issued by the Secretary of State 
(DoE, 1995a) established a two-phase process for the upgrade of glass furnace emissions 
to the required standards (see Table 4). The target date of 1/10/96 was achieved by 
furnace manufactures through the use of primary “retrofit” measures (e.g. modifications 
to furnace design and control of raw materials). For the 2001 target date it would appear 
unlikely that furnace manufacturers will be able to achieve the required limits using 
primary measures alone. Although the conversion of a furnace to natural gas firing 
brings most emitted substances below the required limits, the 100 mg/Nm3 requirement 
for particulate emmissions is acknowledged to be difficult to achieve and it is likely that 
installions will require secondary abatement equipment to be installed to meet this limit.
Table 4: Emission limits for glass processes set under EPA90 (DoE, 1995a)
Where the For 1/10/96 the For 1/10/2001 the
mass concentration concentration
emission should not should not
exceeds exceed exceed
(mg/Nm3) (mg/Nm3)
Sulphur oxides (as SO2)
- gas fired furnaces 5kg/hr - 750
- oil fired furnaces 5kg/hr - 1750
Nitrogen oxides (as NO2) 5kg/hr - 2700
Flouride (as HF) 50g/hr 20 5
Chloride (as HC1) 300g/hr 75 50
Bromide (as HBr) 300g/hr - 50
Total particulate matter 0.5kg/hr 250 100
Until the development of EC BREFs (see below), regulatory information concerning 
techniques that may be considered as BATNEEC for the glass industry has been limited. 
The guidance notes for LAAPC set the required emissions limits but do not discuss any 
techniques required for their achievement, let alone that which may be considered 
BATNEEC. Guidance at a general level has been produced in an abatement technical 
guidance note (HMIP, 1994). However the nature of this is too general to be applied to
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specific industries and in some instances does not provide the correct information. For 
example, it is stated that precipitators are limited to removal of particulates of 1 fim and 
above, whereas in practice over 95 % of the sub-micron fume has been filtered (Lurgi, 
1997a). Other documents, such as the good practice guide for glass (DoE, 1994), have 
discussed the various techniques but again do not include any specific conclusions. 
Further discussions have taken place in confidence between the regulators and the 
furnace operators. Hence the discussion of BATNEEC has been on a speculative basis 
only. Goode et al. (1996) highlighted that, wherever possible, reduction of pollutants at 
source should be the prime priority. However, where emission limits cannot be achieved 
by primary methods (the case for many furnaces with respect to dust) it will be necessary 
to use other techniques. Goode suggested that, as shown in Figure 11, BATNEEC for the 
glass industry might involve dry injection of lime into the furnace waste gas (for acid gas 
removal and to prevent corrosion), followed by a reaction tower, an electrostatic 
precipitator (for particulate removal) and a fan. This proposal is also supported by the 
predominant arrangement of gas cleaning system, which has been installed by Lurgi, with 
over 60 systems successfully operating on glass furnaces, world-wide (Lurgi, 1997a).
Figure 11 : Possibly BATNEEC, if primary techniques are insufficient (Lurgi, 1993).
Farnace
waste
gas PrecipitatorReaction
tower
Sorbent
storage Chimney
Sorbent
injection
Container/batch
house
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The compilation of EC BAT Reference documents (BREFs), as discussed in chapter
2.1.3 is now providing a substantial quantity of previously unpublished, industry specific 
process data. The February 1999 draft of the glass BREF (European Commission, 
1999a), indicates that BAT for acid gas and particulate removal requires an end-of-pipe 
abatement system such as that depicted in figure 11 and which is essentially the same 
approach as required by 1/10/2001 under EPA90. Irrespective of this, it appears unlikely 
that glass manufacturers will install such systems in time to meet their LAAPC 
obligations. This is partially the result of the uncertainty surrounding the exact design 
specifications and the amount of pollutant removal that will be required by PPC permits. 
According to the glass BREF (and worldwide industrial experience), available abatement 
systems can achieve emission levels well below those required by LAAPC. Industry 
representatives have argued that "until it is known how IPPC will affect the industry, the 
industry should not be asked to make costly pre-emptive decisions” (Stockdale, 1998). A 
further underlying cause why the LAAPC deadline may not be met, is that there are a 
limited number of abatement equipment suppliers. Hence there will be difficulties of 
availability when aiming to achieve many installation upgrades within a short timescale 
(Nicholas and Terry, 1998). In practice the situation is unlikely to be resolved until the 
glass industry is phased into the PPC regime in 2002 (Pollution Prevention and Control 
(England and Wales) Regulations 2000 (SI 2000 No. 1973)). The response of Local 
Authorities and the Government in dealing with the potential breaches of the EPA90 
deadline has yet to be determined.
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3.2 ‘Cradle-to-gate’ LCA for glass manufacturing
It was identified within section 2.4 that a ‘cradle-to-gate’ LCA has the potential to 
provide an integrated assessment of candidate techniques when determining BAT for an 
installation. With respect to the glass industry, there has been no LCA work that studies 
specifically the ‘cradle-to-gate’ glass manufacturing process. All glass related LCAs to 
date have focussed on the environmental aspects associated with glass recycling, which 
has been driven by the application of life cycle tools for waste management (Ogilivie, 
1992; Powell et al., 1996; DoE and EA, 1997; Ecobalance, 1998). Other work that has 
been carried out for the assessment of glass manufacturing has been limited to an analysis 
of a small number of environmental burdens and in most cases does not make an 
extension to assessment of their impacts. McIntosh (1997) and the Environmental 
Analysis Co-operative (1999) have both produced publications examining the 
environmental implications of different pollution abatement techniques. Whilst the scope 
of this work is encouraging in that it goes beyond current regulatory practice to examine 
aspects such as the impacts related to energy use (as required by IPPC), the emphasis is 
on a limited number of burdens, and a crude representation of mass flows. When the 
system boundaries are increased to include wider IPPC type considerations, it is found 
that the large and varied number of burdens makes a comparison on a mass flow basis 
alone increasingly difficult. Moreover, mass flows give no indication of the relative 
impact on the environment of different burdens. Robertson and Clift (1999) have 
extended their glass furnace study to include Impact Assessment but in this case the 
system was limited to the scope of LAAPC with the examination of emissions only, 
excluding energy and raw material use.
It has therefore been necessary to carry out a ‘cradle-to-gate’ LCA to demonstrate the 
application of LCA for determination of BAT for the glass industry. The LCA work, 
carried out using TEAM software (Ecobilan, 1995), has been divided into two parts. Part
1 examines the environmental ‘hot-spots’ in the glass manufacturing process, whilst Part
2 demonstrates the application of LCA for the determination of BAT, through the 
examination of various scenarios for primary and secondary abatement techniques.
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3.2.1 LCA (Part 1): Pollution ‘hot-spots’ in glass manufacturing 
Goal and Scope Definition
Goal of the Study
The goals of part 1 of this LCA case study are threefold:
1. to illustrate the use of LCA in the glass industry;
2. to investigate the most polluting stages (hot-spots) in the glass manufacturing 
process from ‘cradle-to-gate’; and
3. to provide a basis for the case study work in part 2, which demonstrates the 
use of LCA for the determination of BAT (section 3.2.2).
This part of the study is based entirely on a hypothetical, non-site specific installation, 
using average glass industry data. Whilst this is sufficient for the purpose of 
methodological demonstration, it should be recognised that any specific conclusions 
which have been drawn are indicative. Indeed, IPPC requires that installations should be 
assessed on an individual basis to ensure that specific local aspects are also considered 
(Council Directive 96/61/EC).
This study and its results are intended to provide an introduction for those involved in 
developing assessment methodologies under IPPC and in particular for those involved 
with the glass industry; manufacturers, regulators and policy-makers.
Scope of the Study
To apply a life cycle approach it is necessary to initially consider the product system 
from 'cradle-to-grave', i.e. from acquisition of raw materials through to final disposal. 
However, as identified in Chapter 2, it will not be necessary to make a detailed 
assessment of the whole life cycle when assessing only the manufacturing process. 
Therefore for this case study, as for an IPPC BAT assessment, the system boundaries are 
drawn to include only a limited number of'cradle-to-gate' life cycle stages.
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The system under examination is the manufacture of glass and the functional unit chosen 
is 1 kg of packed ware (pw) leaving the factory gate. If the scope of the study was 
extended to include, for example Producer Responsibility, then use of the glass would be 
included within the system boundaries and a different functional unit might be chosen. 
For example, if the glass was to be used as packaging, then a more suitable functional 
unit may be ‘the amount of glass required to contain a unit volume of packaged goods’. 
Thus, design-for-environment considerations such as lightweighting would be promoted.
A single scenario is used in Part 1 of this study (with a multi-scenario, comparative 
assessment presented in Part 2). This has been established by consideration of an 
installation consisting of two glass furnaces, each with the capacity of 200 tonnes per day 
(tpd), and a total output from the installation of 400 tpd. It is assumed that 20 % of this 
glass is off specification and thus the total amount of saleable glass (packed ware) is 320 
tpd, i.e. 3.2-105 functional units. The scenario is based around the operation of the two 
furnaces both firing natural gas and without the addition of end-of-pipe technology for 
gas cleaning. Further details of this scenario and of the technology used are discussed in 
the following section, describing the Life Cycle Inventory
With respect to the quality of data required it is necessary to investigate further the 
system boundaries. As discussed in Chapter 2, the system can be subdivided into the 
'background system' and the 'foreground system'. The data used for the foreground are 
typical industry data for a glass furnace, gained from the good practice guide for energy 
efficient environmental control in the glass industry (DoE, 1994). The background 
system represents materials and energy supplied or recovered with no specific source 
(e.g. electrical energy is supplied from the national grid and generated by different 
methods). For the background data it is appropriate to use industry-averaged data, which 
are readily obtainable from databases. In this case the DEAM database, available with 
the TEAM software is used for all background data (Ecobilan, 1997).
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General Description of Life Cycle Inventory
The process for glass manufacturing was outlined in section 3.1.1. A simplified 
schematic process diagram, with one furnace only (the case study uses two in parallel) is 
shown in Figure 12, with a list of the main streams in the process flow diagram given in 
Table 5. It should be highlighted that the system diagram includes optional flue gas 
cleaning, which is excluded from consideration in this part of the study but is included in 
Part 2.
An important point to consider is that the transport steps have not been included in the 
system boundary since this is an industry-average case. Whether IPPC itself includes 
transport is not clear at present. However, ideally transport should be considered, since 
the additional impacts can have an influence on the choice of BAT. It should also be 
noted that the burdens associated with construction of the installation are not included, 
since initial estimates of these impacts, carried out during this research, highlighted that 
these are generally insignificant when compared with the lifetime of the plant. Horsley et 
al. (2000) have also concluded that, with respect to the impact of housing or offices, the 
energy consumed during the lengthy use phase of the building outweighs any other 
impacts, including those associated with construction. It should not be ruled out, 
however that for other industries (e.g. nuclear) the impacts caused by construction and 
demolition of the process may be significant.
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Figure 12: LCA flow diagram for glass manufacturing
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Table 5: Major streams within the glass manufacturing system
Stream Description
1 Raw materials (soda ash, limestone, sand)
2 Furnace fuel (natural gas)
3 Main plant electricity
4 Gas cleaning plant electricity (Part 2 only)
5 Combustion air
6 Lime for acid gas removal (Part 2 only)
7 Packed ware (Functional unit)
8 Flue gas
9 Off-specification product recycle
10 Gas cleaning dust recycle (Part 2 only)
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Data collection and calculation procedures
This section describes the data sources and assumptions made during the engineering 
calculations in order to carry out mass and energy balances for the installation and the 
surrounding background system. An outline of the installation mass balance can be 
found at the end of calculations (Table 8).
Raw Materials
Irrespective of the vast range of types of glass made by the glass industry, Pfeander 
(1996) highlights that most glass types have very similar compositions and are called 
soda-lime glasses. The typical range of soda-lime glass compositions and the values used 
in this study are given in Table 6. This study does not consider the low levels of other 
compounds (intermediates, colouring/decolouring etc) which are used. In some cases, 
e.g. the addition of selenium based compounds, these can have an impact on the 
emissions and thus should be considered in case specific studies. Additionally, the glass 
furnace in this study does not use any cullet from outside of the installation boundaries.
Table 6: The raw materials for glass making (Pfeander, 1996)
Compound Typical composition Case Study values
Sand 71-75% 73%
Soda ash 12-16% 14%
Limestone 10-15% 13%
Fuel, combustion air and waste gas mass balance
The data for natural gas used in this case study have been obtained from the glass 
industry good practice guide (, 1994). The initial stage of the mass balance involves 
calculation of the amount of energy required for glass melting. For a 200 tpd furnace: 
Average specific melting energy = 5.8 GJ/tonne melt plus 
Other installation energy supplied by fuel = 0.425 GJ/tonne melt 
gives Total fuel requirement = 6.225 GJ/tonne melt
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Within the installation there will be a certain amount of internal glass recycling, due to 
breakage and off-specification product. Typically, the weight of saleable, packed ware is 
approximately 80 % of the mass of glass melt.
Total fuel requirement = 6.225 / 0.8 = 7.8 GJ/tonne packed ware (pw)
According to Perry (1984) the net heat of combustion from methane (main component of 
natural gas) is 21,520 BTU/lb or 50 MJ/kg, therefore 
Total fuel requirement = 0.16 kg/kg pw
To complete the combustion mass balance, it has been necessary to use further data and 
assumptions. The quantity of flue gases from a 200 tpd furnace has been taken as 21,300 
Nm3/hr (DoE, 1994) or 3.2 Nm3/kg pw. This consists of the combustion products and 
additional gases evolved from melt reactions. Table 7 gives a typical flue gas 
composition, which has been used in calculating the mass balance. It has also been 
assumed that 12 % of the mass of raw materials is lost to the flue gas due to melt 
reactions (European Commission, 1999a).
One further point to consider is that emissions, which may occur from specific types of 
glass, have not been included in the mass balance; examples are selenium (flint glass) or 
lead (crystal). It would be necessary to include these where appropriate for specific 
installations.
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Table 7: Waste gas composition for a typical gas fired furnace - Combined emissions 
from furnace firing and glass melt reactions. Source : (DoE, 1994)
Component Concentration
Nitrogen (Nz)
Carbon dioxide (CO2) 
Oxygen (02)
Water (H20)
Oxides of nitrogen (as N 02) 
Oxides of sulphur (as S02) 
Hydrogen chloride (HC1) 
Hydrogen fluoride (HF) 
Particulate matter
73.6%
6.8%
6.1 % 
13.2%
2400 mg/Nm3 
850 mg/Nm3 
30 mg/Nm3 
8 mg/Nm3 
130 mg/Nm3
A summary of the complete mass balance, normalised to the functional unit, is given in 
Table 8. The error within the mass balance (difference between inputs and outputs) has 
been calculated as less than 0.5 %. Some imbalance is to be expected due to the level of 
assumptions made and the average nature of the data used and this discrepancy is 
satisfactorily small.
Table 8: Mass balance data for a gas fired glass-manufacturing installation -  Normalised 
to the functional unit
Inputs Outputs
Raw Materials 1.14 kg Glass 1.00 kg
Natural Gas 0.16 kg n 2 2.94 kg
Plant Electricity 1.60 MJ C02 0.43 kg
Air 3.72 kg 0 2 0.28 kg
h 2o 0.34 kg
SOx 2.7-1 O'3 kg
NOx 7.7-10"3 kg
HC1 9.6-10'5 kg
HF 2.6-1 O'5 kg
Particulate 4.2-10"4 kg
TOTAL 5.02 kg TOTAL 4.99 Kg
Internal glass recycle 0.2 kg
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Life Cycle Inventory Results
The full Life Cycle Inventory consists of 287 environmental burdens (see the full listing 
given in Annex III). The following pages discus the releases/consumption of key burdens 
within the system (generally those traditionally examined for glass), which are used as 
initial indicators of the most polluting life cycle stages. The burdens used as indicators 
are:
Releases of particulates, SOx, NOx, and CO2 ; and 
Consumption of natural gas, coal, oil and water.
The life cycle stages considered are fuel production, extraction and processing of raw 
materials, electricity generation (divided into that used for raw material manufacture and 
that used directly by the furnace) and the glass furnace.
Figure 13: Particulate releases throughout the ‘cradle-to-gate’ life cycle.
TOTAL Natural Gas Limestone Lime Sand Quarrying Soda Electricity Electricity Glass Furnace
Production Quarrying Production AshProducdon Production Production
(Materials) (Plant)
Life Cycle Stages
Figure 13 shows that over 30 g of particulates are released to the environment for every 
kg of glass produced. The majority of these releases can be attributed to acquisition and 
processing of raw materials. Of particular importance is the production of soda ash, 
which despite only making up 14 % of the glass batch, generates over 50 % of the
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system’s particulate releases. However, caution needs to be attached to any conclusions 
to be drawn about the stages with the highest impact. This is because the LCA inventory 
data do not distinguish between particle size, which is believed to have a significant 
influence on human toxicity potential, although there is currently no quantitative 
toxicological data concerning particulate size (Pope et al., 1995; COMEAP, 1998). Thus, 
even though the fume (sub-micron particulates) from the furnace only makes a small 
contribution to overall particulate emissions, it may have an increased toxicity potential 
when compared with the type of particulate associated with limestone quarrying and soda 
ash production.
Figure 14: SOx releases throughout the ‘cradle-to gate’ life cycle.
TOTAL Natural Gas Limestone Lime Sand Quanying Soda Electricity Electricity Glass Furnace
Production Quanying Production AshProduction Production Production
(Materials) (Plant)
Life Cycle Stages
As illustrated by Figure 14, the predominant life cycle stage for SOx emissions is the 
glass furnace, which accounts for over half of SOx emissions. Smaller releases are 
attributable to the manufacture of soda ash and electricity production. A similar situation 
exists for NOx emission, where over 80 % of the system burden can be attributed to the 
glass furnace (Figure 15).
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Figure 15: NOx releases throughout the 6cradle-to gate’ life cycle.
TOTAL Natural Gas Limestone Lime Sand Quarrying Soda Electricity Electricity Glass Furnace
Production Quarrying Production AshProduction Production Production
(Materials) (Plant)
Life Cycle Stages
Figure 16: CO2 releases throughout the ‘cradle-to gate’ life cycle.
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With respect to CO2 (Figure 16), as might be expected when considering the high melting 
energy requirements, the glass furnace is the major contributor both from gas firing and 
indirect burdens such as electricity generation. There is also a significant burden 
associated with soda ash production.
Figure 17: Consumption of natural gas throughout the ‘cradle-to gate’ life cycle.
0.25
5 0.15
0.1
0.05
TOTAL Natural Gas Limestone Lime Sand Soda Electricity Electricity Glass Furnace
Production Quarrying Production Quarrying AshProduction Production Production
(Materials) (Plant)
Life Cycle Stage
The main stage responsible for depletion of natural gas reserves is production of the fuel 
for the furnace (0.16 kg/kg glass). Plant energy requirements and raw material production 
combined bring total natural gas consumption to over 0.21 kg/kg glass. Consumption of 
coal and oil (Figures 18 and 19) provide an indication of other energy use, excluding the 
furnace fuel. The dominant consumers of energy are the installation and manufacture of 
soda ash.
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Figure 18: Consumption of coal throughout the 6cradle-to gate’ life cycle.
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Figure 19: Consumption of oil throughout the ‘cradle-to gate’ life cycle.
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Whilst water consumption does not feature heavily in the manufacturing process (with 
the exception of grinding for specific products) it was noted in preliminary assessments 
that the consumption of water was significant when considering the whole system. 
Figure 20 shows that in excess of 2.5 litres of water are used per kg of packed ware (i.e. 
per functional unit). The greatest consumer is soda ash production.
Figure 20: Water consumption throughout the ‘cradle-to-gate’ life cycle.
TOTAL Natural Gas Limestone Lime Sand Quarrying Soda Electricity Electricity Glass Furnace 
Production Quarrying Production AshProduction Production Production
(Materials) (Plant)
Life Cycle Stage
Table 9 summarises the inventory analysis data discussed above, listing the three major 
contributing stages. The key stages for burdens are the glass furnace, soda ash 
production and plant electricity generation. Consumption of natural gas is mainly 
associated with the production of fuel for the furnace.
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Table 9: ‘Hot-spots’ for releases/resource depletion for key indicators.
Primary
contributor
Secondary
contributor
Tertiary contributor
Particulates
SOx
NOx
C02
Gas depletion 
Coal depletion 
Oil depletion 
Water depletion
Soda ash production 
Furnace chimney 
Furnace chimney 
Furnace chimney 
Fuel production 
Electricity gen. (plant) 
Soda ash production 
Soda ash production
Limestone quarrying 
Electricity gen. (plant) 
Electricity gen. (plant) 
Electricity gen. (plant) 
Electricity gen. (plant) 
Soda ash production 
Electricity gen. (plant) 
Electricity generation
Electricity generation 
Soda ash production 
Soda ash production 
Soda ash production 
Soda ash production 
Elec. gen (materials) 
Sand quarrying 
Sand quarrying
Table 9 highlights that, whilst the traditionally regulated gaseous furnace emissions do 
make a major contribution to the burdens, other significant sources must also be 
considered. The most predominant of these is the manufacture of soda ash, which is a 
major contributor to all burdens considered, followed by generation of electricity for use 
within the plant. Thus, when considering regulatory controls for glass manufacturing, the 
expansion of system boundaries to include raw material and energy consumption has 
highlighted many significant burdens that have previously been overlooked.
Life Cycle Impact Assessment (LCIA)
In this stage, the data collected during Inventory Analysis is assigned to impact categories 
(Classification) and modelled according to their contribution to those categories 
(Characterisation).
In discussing the results the following constraints must be considered:
• the LCA is from “cradle-to-gate”;
• the inventory data present from industry average figures;
• emissions due to specific types of glass (e.g. lead or selenium) are excluded;
• initial estimates of the burdens due to construction of the furnace were found 
to be insignificant as compared with the burdens associated with the use phase 
and thus construction burdens are excluded.
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With respect to particulates, the human toxicity LCIA methods available within TEAM 
(CML, 1992; USES, 1995) do not provide human toxicity potentials for particulates 
(Ecobilan, 1997). To enable an indication of the impact of particulates within this study, 
toxicity data for SOx, NOx and particulates, presented in a report by the “Committee on 
the Medical Effects of Air Pollutants” (COMEAP, 1998), have been used to extrapolate 
human toxicity potentials for particulates. The COMEAP data give figures for the 
current number of deaths and hospital admissions for SOx, NOx and particulates, 
together with the percentage change to these figures due to 10 /zg/m3 increases in 
atmospheric concentration of the respective pollutants. Through using these figures to 
find the increase in deaths or hospital admissions caused by each pollutant, the relative 
harm of increasing concentrations of each pollutant can be found. Based on the increase 
in British urban hospital admissions per 10 /zg/m3 increase of pollutant in the atmosphere, 
COMEAP (1998) ranks the effects of SOx, NOx and PMio in the ratio 1:2.5:4.8; i.e., a 
10 /zg/m3 increase in atmospheric PMlOs causes 4.8 times as many hospital admissions 
than the same increase in SOx. This ratio was used to estimate the impact of particulates 
within the CML and USES human toxicity categories using the following equation:
f Particulate Hosp. Admissions ' f Particulate Impact '
 ^Av. Hosp. Admissions SOx and N O x yCOMEAP ^Av. Im pact SOx and N O x, USES or CML
The toxicity potentials estimated for CML and USES are given in Table 10, along with a 
recent revision of USES for LCA (Huijbregts, 1999).
Table 10: Human Toxicity data
COMEAP Increase in 
hospital admissions per 
10/zg/m3
CML
g
USES 
g eq. 1,4- 
dichlorobenzene1
USES-LCA 
g eq. 1,4- 
dichlorobenzene1
SOx 17.5 1.2 0.16 0.33
NOx 43.5 0.78 0.26 1.4
Particulates 84 2.72 0.58' 0.9
1 1,4-dichlorobenzene chosen for USES as benchmark substance for toxicity
2 Values predicted in this work using above equation for extrapolation.
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Whilst these predicted values have enabled an initial estimate to include particulate 
toxicity in LCA it must be recognised that there is a large margin of error. For example, 
examining the data for SOx and NOx, both COMEAP and USES rate NOx as potentially 
more harmful to humans than SOx, whereas CML indicates the opposite view. 
Extrapolation of a figure for particulates was based on the worst case scenario, that 
particulates would be more harmful than both SOx and NOx as indicated by COMEAP. 
However, data recently published by Huijbregts (1999), revising the USES toxicity 
potentials to include more detailed multi-media fate modelling and now including 
particulates imply an alternative ranking; these new figures are also included in table 10. 
There whilst NOx is rated potentially more harmful than SOx (agreeing with COMEAP 
and the original USES) toxicity of particulates is placed between the two.
It is believed that one of the major reasons for these discrepancies centres on the 
modelling of the behaviour of substances in the environment. The pathway from source 
to receptor is influenced by many factors including the rate at which substances 'react 
with' the environment, the transport of substances from one media to another and 
meteorological factors. In calculating the CML potentials, inter-media transfer and 
substance decay is not considered. In addition, COMEAP does not consider the transport 
of substance from source to receptor, only concentrations of substances at the receptor. 
USES and USES-LCA, on the other hand, adopt a risk-based approach and model the fate 
of substances based on European average conditions. Whilst the risk based approach of 
USES is an improvement over the CML data, in reality, the degree of dispersion of a 
substance within the environment will depend heavily both on local conditions and the 
distance from source to receptor. Thus for a case-specific study, the European average 
conditions in USES-LCA would need to be replaced with conditions applicable to the 
particular region of study. This further demonstrates the need to integrate life cycle 
approaches with site specific Impact Pathway Assessment on a case-by-case basis.
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This discussion has highlighted the level of uncertainty in the science behind impact 
assessment and the need for technological assessments to consider local issues together 
with the global issues covered by LCA. For the purpose of this research however, since 
the studies are based on industry-average data, local issues are excluded. It is 
acknowledged that there is much need for research in this area both to reconcile local and 
global issues and to reduce the remaining unresolved uncertainties in Impact Assessment.
The LCIA spreadsheets (including Inventory data) for this work are included in annex III. 
This can be used to identify the specific burdens that make the greatest contributions to 
each impact category. In order to consider the implications of the differing LCIA 
methodologies on the outcome of the assessment, all problem-oriented methods available 
within TEAM are considered for each impact category (Table 11). The following pages 
show the percentage contribution of each stage to the total impact for each impact 
assessment method, together with the average contribution. In some cases, for example 
acidification and depletion of ozone, the differing methodologies do not affect the 
outcome of the study. For others however, the differing methodologies do influence the 
ranking of the stages (e.g. eutrophication - due to inclusion/exclusion of gaseous NOx). 
A more detailed discussion of uncertainty in LCIA, and the rationale for considering 
multiple methodologies, is given in section 3.3.
Table 11: The impact categories available within TEAM (Ecobilan, 1997):
CML-Air acidification 
CML-Aquatic eco-toxicity 
CML-Depletion of non-renewable resources 
CML-Depletion of the ozone layer (high) 
CML-Depletion of the ozone layer (low) 
CML-Eutrophication 
CML-Eutrophication (water)
CML-Human toxicity 
CML-Terrestrial eco-toxicity
Ec(R)-Depletion of non-renewable resources 
Ec(Y)-Depletion of non-renewable resources 
Ec(R*Y)-Depletion of non-renewable resources 
ETH-Air Acidification
IRCC-Greenhouse effect (direct, 20 years) 
IPCC-Greenhouse effect (direct, 100 years) 
IPCC-Greenhouse effect (direct, 500 years) 
USES-Aquatic eco-toxicity 
USES-Human toxicity 
USES-Terrestrial eco-toxicity 
WMO-Photochemical oxidant formation (high) 
WMO-Photochemical oxidant formation (low)
N.B. USES-LCA data was not available at the time of the assessments.
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Figure 21 : Acidification -  Contribution of life cycle stages 
(N.B. in this case CML=ETH)
75%
50%
♦  CNIL 
■ ETH 
AAv.
u 25%
0%
Limestone Sand Quarrying Soda AshNatural Gas Lime Electricity Electricity Glass Furnace
Production Quarrying Production Production Production Production
(Materials) (Plant)
Life Cycle Stage
Figure 22: Depletion of non-renewables -  Contribution of life cycle stages
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Figure 23: Depletion of ozone layer -  Contribution of life cycle stages 
(CML high = CML low)
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Figure 24: Eutrophication -  Contribution of life cycle stages
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Figure 25: Greenhouse effect — Contribution of life cycle stages
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Figure 26: Photochemical oxidant formation -  Contribution of life cycle stages
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Figure 27: Aquatic eco-toxicity -  Contribution of life cycle stages
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Figure 28: Terrestrial eco-toxicity -  Contribution of life cycle stages
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Figure 29: Human toxicity -  Contribution of life cycle stages
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Table 12: Summaiy of impact ‘hot-spots’
Impact Category Primary Contributor
(multiple stages where methodological uncertainty exists)
Acidification Glass furnace
Depletion of non-renewables Natural gas production
Depletion of ozone layer Soda ash production
Eutrophication Glass furnace / soda ash production / electricity (plant)
Greenhouse effect Glass furnace
Photochemical oxidant formation Soda ash production
Aquatic eco-toxicity Electricity (plant) / soda ash production
Terrestrial eco-toxicity Electricity (plant) / soda ash production
Human toxicity Soda ash production
From Table 12 and Figures 21-29 it can be seen that the stages which make the greatest 
contribution to the various impacts are the glass furnace, natural gas production, soda ash 
production and electricity production (for the plant). Notably, three of the four most 
polluting stages in the life cycle are in the background system (indirect burdens).
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Discussion
From a policy perspective, it can be seen that the traditional approach to pollution 
control, which focussed on reduction of emissions from the furnace, does have the 
potential for reduction of some impacts. For the system studies here, these reductions 
will be for acidification and eutrophication, with minor reductions in human toxicity. 
The greatest potential for reduction of impact however, rests with the reduction of both 
direct and indirect burdens through improvement of energy and material efficiency 
(notably reduced usage of soda ash, natural gas and electricity). This highlights that a 
holistic life cycle approach, identifying the need for improvements in both foreground 
and background systems, is the most appropriate method to identify the scope for 
improvement to the environment as a whole. Through identifying the environmental ‘hot­
spots’, policies can be developed to minimise the need for or reduce the impact from the 
most polluting stages in the life cycle. This case study also illustrates the potential 
benefits of adopting a clean technology as opposed to clean-up techniques, as discussed 
by others (for example Clift, 1994; Crittenden and Kolaczkowski, 1994).
In the case of glass, the primary reason cited for increasing the use of cullet is improved 
energy efficiency through reductions in melting energy (DoE, 1994). Resource depletion 
has not been seen as a major concern, since the bulk raw materials are perceived to be 
relatively abundant. For example, Ogilvie (1992) ignores manufacturing burdens and 
focuses on energy issues. This LCA however has demonstrated that, although the 
materials may not be scarce, the acquisition and processing stages are associated with 
other significant burdens. This places an even greater emphasis on the recycling of glass, 
in order to replace raw materials with cullet and thus avoid these normally ignored 
background burdens.
This case study has demonstrated the life cycle approach and the benefits that are to be 
gained from a holistic perspective. The application of LCA specifically for the 
determination of BAT under IPPC, using a scenario based approach, is presented in the 
following section. The application of LCA for the wider policy making processes, 
through the new approach of LCPM, is illustrated and discussed in section 3.4.
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3.2.2 LCA (Part 2): The determination of BAT for IPPC
The scenarios presented in this section have been published as a case study in the paper 
that can be found in Annex II (Nicholas et ah, 2000). Since the study goals, scope and
methods for calculation of the inventory are almost identical to those in Part 1, the
information is not repeated. However, this section outlines the main differences in the 
processes and Life Cycle Inventories for different scenarios.
With respect to the scenarios chosen for Part 2 (i.e. choice of fuels for a new container 
glass installation or retrofit of abatement equipment to an existing furnace) the scope of 
the research has been constrained by the accessibility of technological information 
available to this project. Whilst it was identified in Part 1 that furnace and material 
efficiency have most potential for environmental improvement, to carry out research in 
this area would require close collaboration with glass manufacturers and furnace 
providers. The Research Engineer’s sponsor company, however, is a supplier of 
abatement equipment and this has meant that such information has been readily available 
either within the company or from other companies. The research has therefore focused 
on scenarios where data are available in the open literature (for example the fuel 
switching and 3R™ scenarios) or where the sponsor company design data can be used 
(for acid gas and dust abatement). It should also be noted that, whilst cost considerations 
have been deemed outside the scope of this research, all technologies considered are 
commercially available and have operating reference plant within Europe, and hence they 
can be considered ‘available’ within the definition of BAT under IPPC.
Scenario 1 - Choice of fuels for a new container glass installation
This scenario considers the construction of a new installation for the manufacture of 400 
tonnes per day (tpd) container glass, consisting of two furnaces each with a capacity of 
200 tpd. It is assumed that 20 % of the glass produced is off-specification and is recycled 
to the batch house. Therefore each furnace yields 160 tpd of saleable glass and the whole 
installation yields 3.2-105 kg per day, i.e. 3.2-105 functional units. As noted above.
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reducing the proportion of process scrap provides an obvious way to lessen the 
environmental impact of glass manufacturing.
In this example the BAT decision involves primary in-process methods for pollution 
reduction, with the choice between the use of 3.5 % Sulphur Fuel Oil or Natural Gas as 
the fuel for the furnace burners. As stated by DoE (1994), the energy requirements for a 
typical 200 tpd furnace are 6.2 GJ/tonne melt supplied by oil or gas for furnace firing and
1.3 GJ/tonne melt supplied by electricity for support functions such as lighting, 
instrumentation and mechanical handling. Each furnace will generate 21,300 Nm3/hr of 
waste gas with emissions as given in Table 13.
Table 13: Typical emissions for a 200 tpd furnace without emission control (DoE, 1994)
Component Concentration (mg/Nm3) 
Gas-fired* Oil-fired*
Oxides of nitrogen (as N 0 2) 2400 2100
Oxides of sulphur (as S02) 850 3800
Hydrogen chloride (HC1) 30 30
Hydrogen fluoride (HF) 8 8
Particulate matter 130 150
dues for natural gas (virtually no sulphur) and heavy fuel oil (:1-4 % Sulphur).
Figure 30 depicts the results of Life Cycle Impact Assessment (LCIA), showing the 
impacts of gas firing as a percentage of the impacts for oil firing. For each impact 
category a range of values has been calculated using the full range of methods for 
estimating environmental impacts (Table 11): the bars represent the range of values 
obtained by differing methods for this specific case, and are highly case-specific. For 
example, the low variation for the human toxicity category in this case results from the 
fact that most of the impact arises from production of raw materials, which are unaffected 
by choice of furnace fuel. For other LCAs, the uncertainty associated with calculation of 
human toxicity could result in large variations within this impact category. As discussed 
in more detail in section 3.3 the differences between LCIA methods arise from 
differences in modelling associated with dispersion of substances in the environment and 
estimation of toxicological impact. Further differences arise from the range of burdens 
considered by different modelling approaches.
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Figure 30: Gas vs. Oil - Impact comparison using different impact assessment methods
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Thus, there is a clear need for continuing research with respect to the methodologies for 
assessment of all impact categories so that developing scientific knowledge can be 
included. Whilst such methodological issues remain unresolved, decision-makers must 
be aware of and informed by all different LCIA methods and should in all cases state 
which methodologies have been used. Section 3.3 expands upon the issue of managing 
methodological uncertainty in LCIA.
In spite of the uncertainties inherent in LCIA, Figure 30 shows that there is a clearly 
preferred option in this specific case: gas-firing has lower impacts than oil-firing in seven 
of the nine categories, while most assessment approaches also show that gas-firing leads 
to less eutrophication. Thus the example demonstrates how LCA can be used to support 
the choice of BAT.
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Scenario 2 - Retrofit of abatement equipment to an existing furnace
Whilst Scenario 1 examined the use of LCA for a new installation, Scenario 2 uses data 
from an existing installation to assess the implications of retrofit technology. The 
installation considered is a Pilkington float-glass furnace, and the assessment is based on 
published data (Robertson and Clift, 1999; Slade et al., 1999). The furnace produces 
approximately 600 tpd of glass, or 4.8-105 functional units, and is fired with natural gas. 
The waste gas flow is in the region of 60,000-65,000 Nm3/hr and has a typical emissions 
composition as shown in Table 14. As with Scenario 1, it is assumed that 20 % of 
product is off-specification.
Table 14: Typical emissions from float-glass furnace (Robertson and Clift, 1999; Slade et 
al., 1999)
Component Concentration
(mg/Nm3)
Oxides of nitrogen (as N 0 2) 2500
Oxides of sulphur (as S 02) 600
Particulate matter 150
With retrofit technology, it is possible to design the process to achieve various degrees of 
reduction in emissions. The following sections assess the environmental impacts caused 
by installing in one case Pilkington's 3R™ technology and in the other case acid gas and 
particulate removal to achieve emission levels below those in Table 14.
Addition of the 3R™ de-NOx technology
As described in the EC BREF for glass manufacturing (European Commission, 1999a), 
Pilkington's 3R™ process (Reaction and Reduction in Regenerators) involves chemical 
reduction of NOx through injection of hydrocarbon fuel immediately prior to the furnace 
regenerator. This study investigates the cradle-to-gate impacts caused by three different 
NOx emission limits, each based on figures currently being discussed in the literature. 
The limits are a reduction from present emissions to 800 mg/Nm3, as discussed in an 
example by Pilkington (Robertson and Clift, 1999; Slade et al., 1999) and a reduction to 
either 700 mg/Nm3 or 500mg/Nm3, the achievable range cited in the glass BREF 
(European Commission, 1999a). The additional fuel requirement is reported to be 6-10%
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of the furnace melting energy, resulting in an increase in CO2 emissions of 4-6 tonnes per 
tonne of NOx abated. The calculations here are based on the upper figure, leading to the 
values in Table 15.
Table 15: Basic data for 3R™ technology
NOx emission (reduction from 2500 mg/Nnf) 
800 mg/Nm3 700 mg/Nm3 500 mg/Nm3
3R Fuel consumption (g/kg product*) 
NOx removed (g/kg product*) 
Additional C 02 produced (g/kg product*)
9.5 10.1 11.2 
4.4 4.6 5.1 
26 28 31
* With 20% off-specification, kg product = kg me t x 0.8
Figure 31: Median change in impacts for reductions of NOx from a typical emission of 
2500 mg/Nm3
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Impact categories
The LCIA results are shown in Figure 31. Each value represents the percentage change 
within an impact category for NOx reductions to 800, 700 and 500 mg/Nm3 relative to
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the base case of 2500 mg/Nm3, evaluated as the median of the changes calculated using 
the full range of assessment methods available within TEAM (Ecobilan, 1997).
Reductions of NOx using 3R™ result in large reductions in acidification and 
eutrophication and a smaller reduction in human toxicity but at the expense of small 
increases in the depletion of non-renewables, greenhouse effect and photochemical 
oxidant formation. With respect to choice of BAT, this assessment seems to indicate that 
3R™ is on the whole environmentally beneficial. As with many environmental 
assessments, however, the final outcome depends upon the relative importance that the 
decision-maker assigns to each impact category.
As usual in LCA, the change within each impact category is directly proportional to the 
amount of NOx emission removed. The process has been modelled assuming a linear 
relationship between NOx reduction and fuel consumption; thus the cradle-to-gate LCA 
shows a linear relationship between NOx reduction and changes in each impact category. 
Based on this model, 3R™ can be deemed beneficial no matter what NOx emission limit 
is set, since all environmental gains and losses change proportionally to each other. As 
demonstrated in the following section, this conclusion does not apply for all technologies. 
It is also an oversimplification in this case: for high NOx reductions the process will 
become non-linear, with an increasing excess of fuel needed to achieve further reduction 
in NOx. In this case, the environmental benefits of further NOx reduction could be 
outweighed by the additional burdens created by fuel consumption and CO2 production. 
The reaction conditions within the furnace system play a key role in determining the link 
between reduction in pollutant and changes in impact categories. Further experimental 
and modelling work is required in this area.
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Addition of acid gas and dust abatement
The most commonly used process for removal of acid gases and dust from the furnace 
flue gas involves the injection of dry lime into the waste gas ducting, downstream of the 
regenerator. The gases are then passed through a reaction tower to allow adequate phase 
contacting and time for reaction. An electrostatic precipitator is used to remove the 
reaction products and furnace particulates, which are then recycled to the batch house and 
are assumed to displace limestone in the batch mixture. Due to the increased pressure 
drop through the additional ducting and equipment, the stack cannot work by natural draft 
and it is necessary to include a fan within the system.
As in the case of de-NOx, it is possible to design the process to achieve differing degrees 
of acid gas and dust abatement. The emissions used in this assessment are based upon 
the limits set for the glass industry under Local Authority Air Pollution Control (LAAPC) 
and the range of achievable emissions cited in the Glass BREF (European Commission, 
1999a; Robertson and Clift, 1999; Slade et al., 1999). Basic process calculations have 
been used to obtain the values in Table 16. These represent the quantities necessary to 
achieve reductions in the stated emission limits from the typical unabated emissions of 
600 mg/Nm3 SOx and 150 mg/Nm3 particulates.
Table 16: Basic data for acid gas and dust abatement equipment
SOx emission 
Dust emission
(mg/Nm3)
(mg/Nm3)
LAAPC BREF (high) BREF (low)
590*
100
500
20
200
5
Lime consumption (g/kg product) 0.25 0.31 2.28
SOx removed (g/kg product) 0.03 0.26 1.029
Particulates removed (g/kg product) 0.13 0.34 0.37
Dust recycled (g/kg product) 0.5 0.8 4.1
Electricity (kJ/kg product) 25 26 37
* Although the current emission of 600 mg/NmJ is within the LAAPC limit, some acid gas removal is 
required to prevent corrosion of the precipitator.
The LCIA results are given in Figure 32. As with the previous case, the chart shows the 
average change in impacts associated with differing emission levels, based on the 
different assessment models within TEAM (Ecobilan, 1997).
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Figure 32: Median change in impacts for emission reductions from typical values of 
150 mg/Nm3 for dust and 600 mg/Nm3 for SOx
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Impact categories
When considering the cradle-to-gate impacts caused by the addition of acid gas and 
particulates abatement equipment an important feature emerges. At low levels of 
emission reduction (in this case removal of 50 mg/Nm3 particulates) the addition of such 
equipment actually causes an increase in all impact categories. This is highly significant 
because the findings show that in this case the addition of gas cleaning equipment to meet 
the LAAPC limits causes deterioration in the quality of the environment as a whole. At 
higher levels of pollutant removal (to achieve the BREF emission levels), there are 
reductions in both acidification and human toxicity, with only minor further increases in 
other impacts. These effects result from the fact that it is necessary to construct an entire 
gas cleaning system whether the reduction in emissions be large or small and most of the 
increase in impacts result from the power consumed by the fan, which depends only 
slightly on the efficiency of removal of PMio and SOx. However, the reductions in 
acidification and human toxicity result directly from abating these pollutants. It follows
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that, to gain maximum environmental benefit, the gas cleaning system should be designed 
to remove as much pollutant as is practicable in order to outweigh the negative impacts 
inherent in the end-of-pipe system.
A second point of interest emerges when examining the sensitivity of the results to 
changes in emissions. As noted above, current legislation focuses on the reduction of 
particulates. This study, however, indicates that particulate reduction has a relatively 
minor role to play in reducing impact to the environment as a whole. More benefit can be 
gained by focussing attention on SOx, and thus on achieving larger reductions in the 
acidification impact category. However, site-specific considerations also need to be 
examined in any particular case, and could indicate a need for dust abatement - for 
example if a high-density human or non-human population is exposed to the emissions.
Discussion
Through comparison of Figures 31 and 32 it can be seen that 3R™ achieves up to a 30% 
reduction in impacts, whereas the acid gas and dust abatement achieves up to an 8 % 
reduction in impact. This immediately demonstrates the benefits of adopting a ‘clean 
technology’. Figures 31 and 32 also demonstrate that environmental impact is highly 
dependent on the operating parameters of the technique chosen and thus it is necessary to 
determine the optimum emission level to be achieved by a specific technique. Modelling 
the ‘cradle-to-gate’ impacts over the full range of pollutant removal can provide an 
assessment of this. Such a modelling exercise would produce the kind of results shown in 
Figure 33, which compares a 'clean technology' (e.g. 3R™) with an 'end-of-pipe' 
technique (e.g. acid gas and dust abatement). Figure 33 has been generated through 
extrapolation of the LCA work within this section for the two different techniques 
combined with empirical data gained from Lurgi (1997b) and Slade and McIntosh 
(1999).
The Figure can be best understood by considering that the total impact from a system 
arises from the use and release of substances and construction, maintenance and 
decommissioning of the installation. For a process plant of long lifetime and large
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production volumes, the impacts associated with construction, maintenance and 
decommissioning are usually negligible. The net impact then reduces to a trade-off 
between the use of energy and substances and the release of emissions. However, it is 
usually necessary to introduce further trade-offs between different impact categories 
(Azapagic, 1999; Alting et al., 1997; RCEP, 1998; Wright et al., 1997; Clift and Doig,
1996); it is relatively rare that one alternative shows overall improvement in all 
categories, as in the case of gas vs. oil firing considered in Scenario 1. Assessing the 
trade-offs between categorically different impacts takes the process outside the scope of 
environmental science, and requires some form of consultative or deliberative process 
with the stakeholders (RCEP, 1998).
Figure 33 : Potential net impacts for two technologies
Net Impact
End-of-pipe 
_ . ‘Clean 
technology'
Improvement 
IT Thresholds
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Percent of pollutant removed
When examining the net impacts associated with different levels of pollutant removal, the 
concept of an Improvement Threshold (IT) emerges. For an 'end-of-pipe' technology, at 
low levels of pollutant removal, the 'fixed burden' inherent in the system due to energy 
consumption dominates and the net impact can be greater than that for the base case with 
no modification to the installation. As the percentage of pollutant removed is increased
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then the benefits gained from reduction of emissions begin to balance and outweigh the 
'fixed burden'. Thus the net burden is reduced. At a specific level of pollution reduction 
- the IT - the net environmental impact associated with the retrofit technology becomes 
lower than that associated with the base case. The IT will vary depending on the 
technique used. For example, for a 'clean technology' the inherent 'fixed burden' is low 
and the IT can be found at low levels of pollutant removal. For an 'end-of-pipe' 
technology the inherent 'fixed burden' can be high and there is a need for a large amount 
of pollutant removal to reach the IT. In addition, at high levels of pollutant removal there 
may be a need for greater use of resources and energy to gain small incremental 
improvements in pollutant reduction. At this point, the net impact can increase 
dramatically. Thus, it is possible to find both lower and upper Improvement Thresholds, 
the locations of which must be determined on a case specific basis. When establishing 
emission limits for an installation it is essential that the impacts associated with the full 
range of pollutant removal are examined and the limits are set within the Improvement 
Thresholds.
CONCLUSIONS
This case study has demonstrated that Life Cycle Assessment is an appropriate technique 
to provide the type of integrated environmental assessment required by the Directive on 
Integrated Pollution Prevention and Control (Council Directive 96/61/EC). LCA is 
applicable to both new and existing installations. Aggregation of the different resource 
uses and emissions into a recognised set of impact categories enables technologies with 
very different environmental interventions to be compared. However, the examples also 
illustrate the uncertainties and methodological difficulties in selecting a BAT, associated 
primarily with the trade-off of impacts and the uncertainties within Impact Assessment. 
Reducing these uncertainties is a key area for future work (see section 3.3, Analysis of 
uncertainty in Life Cycle Impact Assessment).
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3.3 Uncertainty in Life Cycle Impact Assessment (LCIA)
3.3.1 Introduction
It was highlighted in section 2.2.1 that methodological uncertainty exists with respect to 
the Impact Assessment stage of LCA. Moreover, within the glass case study (section 3.2) 
it was demonstrated that methodological differences could influence the outcome of a 
study (see figures 21-30 for example). This part of the research examines the different 
sources of methodological uncertainty and discusses in detail their influence on the case 
study concerning choice of fuels for a new container glass installation (section 3.2.2).
Life Cycle Impact Assessment (LCIA) is the process by which life cycle inventory data is 
related to specific environmental impacts, through multiplication with characterisation 
factors (a measure of relative potency). Whilst this is recognised as a key stage in LCA, 
“there are no generally accepted methodologies for consistently and accurately 
associating inventory data with specific potential environmental impacts” (ISO14040,
1997). There is currently much work and debate focussing on LCIA, fuelled by the 
development of the standard for Impact Assessment - ISO 14042 (SETAC, 1998; Bare et 
al., 1999; Ryding, 1999; Ecomed, 2000). However, whilst many LCAs have considered 
sensitivity to inventory data, the influence of LCIA methodology on the outcome of the 
study is rarely considered. It has been highlighted that there is a need for a better 
understanding of the uncertainty associated with LCIA (Bare et al., 1999).
For the practitioner, there remains a fundamental problem: For a given LCA study, which 
impact categories should be used and which is the most appropriate methodology to 
relate inventory data to each impact category? The decision will often be made on an 
arbitrary basis, depending upon the LCIA methods available within software. For 
example, within this research Impact Assessment has been limited to the methods 
available within Ecobilan’s Team software, which as listed in Table 17, provides nineteen 
different approaches for assessing contribution to nine different impact categories. The 
uncertainty associated with choosing which of these to use is discussed herein.
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Table 17: LCIA methodologies available within TEAM (Ecobilan, 1997)
CML-Air acidification 
CML-Aquatic eco-toxicity 
CML-Depletion of non-renewable resources 
CML-Depletion of the ozone layer (high) 
CML-Depletion of the ozone layer (low) 
CML-Eutrophication 
CML-Eutrophication (water)
CML-Human toxicity 
CML-Terrestrial eco-toxicity 
Ec(R)-Depletion of non-renewable resources
Ec(Y)-Depletion of non-renewable resources 
Ec(R*Y)-Depletion of non-renewable resources 
ETH-Air Acidification 
IPCC-Greenhouse effect (direct, 20 years) 
IPCC-Greenhouse effect (direct, 100 years) 
IPCC-Greenhouse effect (direct, 500 years) 
USES-Aquatic eco-toxicity 
USES-Human toxicity 
USES-Terrestrial eco-toxicity 
WMO-Photochemical oxidant formation (high) 
WMO-Photochemical oxidant formation (low)
3.3.2 Areas of uncertainty in LCIA
The uncertainty associated with LCIA can be grouped into four areas:
a) number and type of impact categories considered;
b) range of burdens included within each category;
c) parameters used within the modelling of impacts; and
d) the model used for each impact category.
a) Number and type of impact categories considered
It is identified in Table 17 that TEAM provides characterisation factors relating to nine 
different impact categories: acidification, depletion of non-renewables, depletion of 
ozone layer, eutrophication, greenhouse effect, photochemical oxidant formation, aquatic 
toxicity, terrestrial toxicity and human toxicity. These place an immediate restriction on 
the assessment, since the practitioner using TEAM is limited to analysis of these 
categories. What would be the outcome of the assessment if odour, for example, is a 
significant impact in the system? Using TEAM, odour may be overlooked. However, 
using alternative software such as WISARD, which includes CML-odour data, the odour 
impact could be included in the assessment (Ecobalance UK, 1998). It is important that 
during reporting of LCA studies, practitioners make transparent the impact categories 
used and the reasons for their choice. For example were any categories deemed 
irrelevant for the given assessment or was the choice of categories constrained by the 
LCA software available?
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b) Range of burdens included within each category
One of the key areas of uncertainty, when assessing the contribution of inventory data to 
specific impact categories, is the scope or comprehensiveness of the model used, i.e. the 
number of stressors simulated within a given impact category (Bare et al., 1999). If there 
is no characterisation factor available for a given burden within a LCIA methodology, 
then the practitioner may not be certain whether:
• the burden makes no contribution to the impact in question; or
• modelling had not been carried out to assess the burden’s contribution when 
the data set was compiled, so that the model provides an incomplete 
assessment of the impact.
In order to highlight this area of uncertainty, the acidification category is examined. 
Table 18 lists the characterisation factors derived by two different groups: Centre of 
Environmental Science (CML), Leiden University, The Netherlands and Blau and 
Seneviratne of the Swiss Federal Institute of Technology Zurich (ETH), Zurich.
Table 18: Acidification factors derived by CML-Leiden and ETH-Zurich (Ecobilan, 
1997).
CML - 1992 
l/geqH*
ETH - 1995 
l/g eq H4"
Ammonia 17 17
Carbon Tetrachloride 38.5
CFC11 34.4
Chromic Acid 29.5
Hexachlorobenzene 47.5
RFC 125 24
Hydrogen Bromide 81 81
Hydrogen Chloride 36.5 36.5
Hydrogen Cyanide 27 27
Hydrogen Flouride 2 0 2 0
Hydrogen Sulphide 17 17
Methyl Chloroform 44.5
Pentachlorophenol 53.3
Nitrogen Oxides (as NO2) 46 46
Sulphur Oxides (as SO2) 32 32
Sulphuric Acid 24.5 24.5
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It can be seen from this table that characterisation factors have been derived for a total of 
16 different burdens. In addition, both groups use identical modelling, relating the 
acidification potential to the release of hydrogen ions (H*) due to atmospheric oxidation. 
Differences in the methodologies occur in the range of stressors simulated: whereas CML 
derive factors for ten burdens, ETH derives fifteen. The more comprehensive nature of 
the ETH data could be due to its more recent development.
If the life cycle inventory for a particular study contains carbon tetrachloride, for 
example, then using CML data would underestimate the amount of acidification as 
compared with using ETH. Similarly, the acidification potential of chromic acid is 
included in the CML set but not in the ETH results. It is clear that, for a given set of 
inventory data, choice of LCIA methodology for acidification may result in exclusion of 
some stressors from the calculation of total impact. For the case of acidification, since the 
modelling approaches are identical it may be appropriate for the practitioner to use 
factors for all 16 burdens. For other categories, where modelling differs, factors provided 
by different groups are not comparable and thus the uncertainty associated with differing 
ranges of stressors cannot be overcome. Moreover, in all categories it is unknown 
whether future research will result in the development of factors for a wider range of 
burdens or derived using differing methodologies (this is discussed further in part d).
In general, when comparing different LCIA methodologies within a given impact 
category, the premise can be made that the greater the discrepancy in the range of 
stressors simulated, then the greater the uncertainty involved when choosing which is the 
most appropriate method. In Figure 34, impact categories are ranked according to the 
difference in the total number of factors derived by each method within a category. For 
example, there is a difference of 5 between the data sets for CML and ETH acidification. 
The greater the difference in the number of stressors simulated then the larger the 
uncertainty associated with choice of LCIA methodology. It should be noted that in 
Figure 34 only the difference in total number of stressors simulated is identified, which 
may not give a full analysis of the uncertainty (e.g. two methods may both provide ten
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characterisation factors but they may be 10 different factors). Analysis at such detail 
requires very detailed examination on the part of the practitioner and is outside the scope 
of this discussion.
Figure 34: Difference in range of characterisation factors for different LCIA methods.
As can be seen from Figure 34, there are three impact categories for which there is no 
difference in the range if stressors simulated, i.e. the methods available provide 
characterisation factors for the same number of stressors. These categories are depletion 
of ozone layer, greenhouse effect and photochemical oxygen demand. For each of these 
three categories one organisation (CML, IPCC and WMO respectively) has determined 
the sets of factors, with differences arising from the parameters used within the modelling 
(as discussed further in section c) and not from the scope of burdens considered. For 
example, the IPPC greenhouse effect data are based on a fixed set of substances, but with 
time-spans of 20,100 or 500 years.
For the remaining six impact categories examined, there is a range of uncertainty, as 
demonstrated by the differences in the number of stressors simulated within each data set. 
These can be grouped into two subsets, low uncertainty (depletion of non-renewables, 
eutrophication and acidification) and high uncertainty (human, terrestrial and aquatic
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toxicity). One reason for this aspect of model uncertainty is that there is a trade-off 
between sophistication and comprehensiveness (Bare et al., 1999). This argument is 
upheld to an extent, as demonstrated in the human toxicity category where the more 
sophisticated modelling of USES provides fewer characterisation factors (179) as 
compared with the less sophisticated techniques adopted by CML (247). For the other 
toxicity categories, however, it has been found that USES, with its more sophisticated 
modelling approach also covers a larger number of stressors than CML. Considering 
aquatic eco-toxicity for example, the CML data set provides 44 characterisation factors 
whilst USES provides 184. Thus it cannot be concluded that a methodology that has 
considered fewer stressors will necessarily examine those stressors using more 
sophisticated modelling. Conversely it cannot be concluded that a methodology that 
models a large number of stressors has taken a simplified approach. Differences in the 
range of burdens are more likely to lie with the availability of toxicology data and 
resources available at the time of compiling the data set. Practitioners need to be aware 
that, as scientific knowledge develops, the range of burdens included within data sets is 
likely to become more comprehensive, allowing a more complete analysis of inventory 
data.
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c) Parameters used within the modelling of impacts
The third area of uncertainty associated with the derivation of characterisation factors lies 
in the parameters used within impact modelling. This area of uncertainty is best 
examined using the greenhouse effect impact category as an example. The 
Intergovernmental Panel on Climate Change (IPCC) has derived three data sets for 
contribution to global warming. For each data set a fixed modelling approach has been 
applied to an identical set of stressors (61 in total). The differences arise from the time 
parameter used in the model, deriving the contribution to impact over either time 
horizons of 20 years, 100 years or 500 years. The influence these different time horizons 
have on the characterisation factors can be seen by analysis of characterisation factors 
provided for the five greenhouse burdens present in the glass case study carried out in 
section 3.2.
Table 19: Greenhouse effect factors derived by IPCC (Ecobilan, 1997)
IPCC - 20 years 
g eq. C0 2
IPCC - 500 years 
g eq. C02
Carbon dioxide (CO2 , fossil) 1 1
Methane (CH4) 56 6.5
Nitrous oxide (N2O) 280 170
Halon 1301 (CF3Br) 6200 2 2 0 0
Carbon tetrafluoride (CF4) 4400 1 0 0 0 0
Table 19 demonstrates that, for the three least potent substances (CO2 , CH4 and N2O) the 
time horizon does not influence the ranking of potency. For the two more potent 
substances however, whilst halon 1301 has a greater relative impact than carbon 
tetrafluoride over 20 years, the ranking is reversed over 50 years. Thus, for a LCA where 
either halon 1301 or carbon tetrafluoride is critical with respect to choice between 
systems (e.g. dominant in one system inventory but not in another) then choice of time 
horizon may influence the outcome of the assessment. The answer to which time horizon 
is most appropriate remains open to debate and is still essentially a matter for the choice 
of an individual practitioner.
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d) The model used for each impact category
The final key area of uncertainty within LCIA lies with the modelling used to derive 
individual characterisation factors. Differences in modelling arise primarily from 
differences in either:
• fate dispersion modelling (e.g. consideration of inter-media transfer of 
burdens or accumulation along food chains); or
• quantification of final impact (e.g. differences in toxicology data)
Whilst a detailed examination of the differing models is outside the scope of this thesis, 
the characterisation factors derived using differing methods for specific burdens within 
any given impact category are compared quantitatively. This comparison identifies those 
impact categories where modelling consensus has been reached and those where 
disagreement in values of characterisation factors introduces uncertainty into the Impact 
Assessment stage. It should be noted that future developments in the approach to 
modelling should not be ruled out for those categories where consensus appears to have 
been reached (discussed below with respect to acidification).
When, as is universally the case in LCA, the characterisation factors are independent of 
burden or concentration, contributions to chosen impact categories take the following 
form. For any given impact category k, the results for two different methods, A and B 
can be written (Azapagic and Clift, 1998):
where (cfi^X and (cf^Ob represent the characterisation factors relating the contribution of 
burden B; to totals (Ek)a and (Ek)b using methods A and B respectively within the given 
impact category k. It can be seen that as consensus is gained concerning contributions to 
any given impact category, the ratio between the method specific characterisation factors 
should approach a constant value, since all characterisation factors should be in 
proportion.
i
For method A
For method B
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Thus as consensus is reached, for all burdens.
where m is a constant specific to the impact category that represents the conversion factor 
between the units used in the two different methods. For any impact categories where m 
does not approach a constant, then it can be concluded that differences in modelling 
remain and furthermore, the larger the discrepancies in m the larger those differences.
In order to compare the relative modelling uncertainties associated with different impact 
categories, Figures 35 a-h compare (cfk,i)a against (cf^Ob for various burdens i and eight 
different impact categories, k. The exercise has been restricted to burdens where 
characterisation factors are available for both methods being compared, thus excluding 
the uncertainty associated with different ranges of stressors, but including model 
parameter differences. In addition, only those burdens that are included in the inventory 
of the glass case study are analysed. For example, within the glass inventory there are 
five burdens that contribute to acidification, so the characterisation factors derived by 
CML for each five acidifying substances are plotted against those factors derived by 
ETH. The graphs are presented in Figures 35 a-h in order of increasing uncertainty. It 
should be noted that a plot has not been produced for depletion of ozone layer since only 
one burden within the case study inventory contributes to this category (halon 1301).
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Figure 35a: Eutrophication characterisation factors with regression line of the form
y=mx.
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Figure 35b: Acidification characterisation factors with regression line of the form y=mx.
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Figure 35c: Greenhouse characterisation factors with regression line of the form y=mx.
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Figure 35d: Depletion of non-renewable resources characterisation factors with 
regression line of the form y=mx. (N.B. The form of this graph arises from the fact that 
the axes are logarithmic whereas the regression line is linear)
i |
I
oUJ
100000
10000
1000
100
>*
0.1
0.01
0.001
0.0001
1E-16 12-15 12-14 12-13 12-12 12-11 12-10 12-09 0.00000001
CML - Depletion of non-renewable resources (frac, of reserve)
MJ.Nicholas 108
Chapter 3 -  The Glass Industry: A case study
Figure 35e: Photochemical oxidant formation characterisation factors with regression line
of the form y=mx.
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Figure 35f: Aquatic eco-toxicity characterisation factors with regression line of the form 
y=mx.
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Figure 35g: Terrestrial eco-toxicity characterisation factors with regression line of the
form y=mx.
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Figure 35h: Human toxicity characterisation factors with regression line of the form 
y=mx.
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To assess the magnitude of modelling uncertainty, two approaches have been used to 
rank the impact categories in terms of low, medium, high or no identifiable uncertainty 
(Table 20). The first approach examines the difference between the maximum value of 
the characterisation factor ratio (mmax) and the minimum value of that ratio (mmin). The 
value mmax/mmin provides one indication of the range of the characterisation factor ratios 
and thus quantifies the degree of uncertainty -  the larger this value, the greater the 
uncertainty. The second approach examines the distribution of the characterisation factor 
ratios through calculation of the mean ratio (mmean) and the standard deviation (crm) and a 
comparison of the two, again in order to estimate the spread of characterisation factor 
ratios and the associated uncertainty.
Table 20: Analysis of model uncertainty.
Impact
Category
m max/m min Utmean crm/
Demean
Identifiable
uncertainty
Depletion of ozone 
layer
1 5.81.10*' 0.00 0% None
Eutrophication 1 1.00 0.00 0% None
Acidification 1 1.00 0.00 0% None
Greenhouse effect 20 8.70.10*' 7.60-10*' 87% Low1
Depletion of non­
renewables
23 1.20-1 O'3 9 .79 .10" 81% Low -  Medium^
Photochemical 
oxidant formation
152.0 5.61.10"' 1.35 241% Medium
Aquatic toxicity 273 1.39-102 2.72-10Z 196% Medium
Terrestrial toxicity 471 3.89.10° 8.47.10° 218% Medium
Human toxicity 5,874,359 8.84-103 3.20-104 361% High
1 Uncertainty due to modelling parameters and not differences in the model itself
2 Uncertainty is increased if the subsets of the EC method are considered due to the 
introduction of different methodological approaches
As seen from Figures 35 a-h and Table 20, there are three impact categories for which 
there appears to be no uncertainty or methodological disagreement; i.e. for the 
methodologies available within the TEAM software, consensus has been reached on the 
values for characterisation factors. For depletion of ozone, as discussed previously, only 
one substance was present in the case study life cycle inventory. Thus in a comparative 
LCA the fractional increases or decreases are independent of the value of cfk,i, being 
solely dependent on the quantity of the burden. In the cases of eutrophication and
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acidification, both methods within each of the categories adopt the same modelling 
approach and thus identical values of cfk,i are derived (as previously identified for 
acidification in section b). For these two impact categories there is no identifiable 
methodological uncertainty, thus the only source of uncertainty is the comprehensiveness 
of the model, i.e. availability of characterisation factors, as discussed previously. Again it 
must be stressed that for those categories where there appears to be consensual agreement 
on methodologies, future changes in approaches to modelling due to scientific 
advancement cannot be ruled out. For example, with respect to acidification, the 
characterisation factors derived by CML and ETH (Table 18) refer to the maximum 
potential contribution, calculated assuming that the species reacts fully to give the 
resultant acid; they therefore represent the upper bounds for the impacts. Where the 
reaction to form an acid species is multi-step or slow, the real impact might be much 
smaller, so that even the ranking of different species for their real impacts may be 
different. Methodologies may be developed to take these factors into consideration.
For greenhouse effect the relatively low degree of difference identified between data sets 
is not due to modelling, but as discussed previously is attributable to the time horizons 
chosen.
For the category of resource depletion uncertainty arises from both the changing 
quantities of known reserves and the methodologies that relate these to consumption. In 
the case of CML a simple fraction of remaining reserves is adopted. In the EC method, 
fraction of reserve is combined with an indicator of reserve life expectancy (EC(R*Y)). 
This is considered as a preferable indicator since it indicates not only the contribution of 
the system being studied to reserve depletion, but also the period over which the resource 
will remain available, and thus more clearly indicates the sustainability of that system 
(Ecobilan, 1997). In spite of the difference in approach between CML and EC data sets 
there is low discrepancy in the ranking of the burden weightings. It should be noted 
however that TEAM provides additional data for the subsets of the EC method, i.e. 
fraction of reserve, EC(R) and reserve life expectancy, EC(Y). It is possible to make an
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assessment using either of these subsets individually. The practitioner’s choice of which 
EC method to apply introduces further uncertainty.
Three other categories can be seen to have intermediate amount of uncertainty (medium 
amount of disagreement between methods). For photochemical oxidant formation, the 
characterisation factors given in the two data sets from WMO represent the range (high to 
low) of characterisation factors that can be expected. In both methodologies, ethylene is 
taken as the reference species, so that its characterisation factor is 1. The shifts in 
ranking of the other species relative to ethylene reflect the uncertainties arising from 
differences in modelling. Therefore, the outcome of a LCIA to compare alternatives 
where several VOCs are significant in the Life Cycle Inventory will very much depend 
on the choice of method (high or low) used.
For aquatic eco-toxicity and terrestrial eco-toxicity the comparison of characterisation 
factors has also identified a medium amount of uncertainty. One of the major reasons for 
this can be attributed to the fact that the CML methods do not take into account the 
transfer of burdens from one medium to another whereas the risk based USES 
methodologies incorporate inter media transfer. Advances in understanding of 
toxicology will also influence the derivation of characterisation factors.
The human toxicity category, compared with the other categories, has the highest degree 
of methodological uncertainty, again partially due to the different approaches to 
partitioning of substances and toxicological assessment. For example, CML does not 
consider inter-media transfer of burdens or accumulation in the food chain whereas the 
risk based USES approach includes both. The two burdens that show the greatest 
discrepancy between the derived characterisation factors are mercury released to land and 
lead released to water. For releases of mercury to land cfusEs/cfcML=29000/0.15=1.9-105 
whilst for releases of lead to water cfusEs/cfcML=0.026/0.79=0.03. This gives an 
nimax/inmin ratio of 5.9-106. In terms of the individual methodologies, USES weights the 
impact of 1 g of mercury to land as 1 .H 06 times more harmful than Ig of lead to water 
whereas CML weights the impact of 1 g of mercury to land as 5.3 times less harmful than
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Ig of lead to water. Such discrepancy leads to a high degree of uncertainty between the 
use of different LCIA methodologies for estimating human toxicity and the choice of 
methodology has a potentially large influence on the outcome of LCIA.
3.3.3 Examination of LCIA Uncertainty in Glass Furnace Cradle-to-Gate LCA
The discussion in the previous sections has highlighted the uncertainty that exists within 
LCIA as a result of discrepancies in the scope and modelling achieved by different 
methods. In order to investigate the effect that this may have on the outcome of a 
comparative study, inventory data is used from the case study of different fuels for a glass 
furnace (Nicholas et al., 2000), as discussed in section 3.2.2 of this portfolio. From these 
sets of inventory data, the impact categories discussed in section 3.3.2 are evaluated. 
Comparisons are then made between the outcomes obtained from applying alternative 
LCIA methods.
Goal, scope and Inventory data
The original purpose of the study was to demonstrate the Life Cycle approach for 
determination of Best Available Techniques under the EC Integrated Pollution Prevention 
and Control Directive (Nicholas et al., 2000). The data do, however, serve equally well 
as a basis for discussion of uncertainty in LCIA.
To recap, the process of manufacturing glass involves heating the raw materials (mainly 
silica, lime and soda) to 1400 - 1600°C, and maintaining that temperature to allow the 
homogeneous formation of the glass (Pfaender, 1996). The glass then flows from the 
furnace to be formed into the desired shape, for example float or container glass. The 
furnace energy is usually supplied by firing with either natural gas or fuel oil. 
Combustion products, along with products from the glass melt reactions, exit the furnace 
and undergo energy recovery with further possible gas cleaning processes prior to being 
released to atmosphere.
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The part of the study used here compared firing with natural gas or fuel oil, with no other 
changes in the process (see Table 21 for different emissions). The life cycle inventory 
data is based on a cradle-to-gate system, since gate-to-grave activities are not affected by 
the choice of fuel. Data for the installation (foreground system) are generic industry 
averages obtained from the UK Energy Efficiency Office (DoE, 1994). Background data 
covering raw material, utility and energy production have been obtained from the TEAM 
database, DEAM (Ecobilan, 1997).
Table 21: Waste gas composition for typical UK furnaces - Combined emissions from 
furnace firing and glass melt reactions. Source : DoE (1994)
Component Concentration
Gas-fired Oil-fired
Nitrogen (N2) % 73.6 76
Carbon dioxide (C02) % 6 . 8 9.1
Oxygen (02) % 6 . 1 7.4
Water (H20) % 13.2 7.2
Oxides of nitrogen (as N 02) mg/Nm3 2400 2 1 0 0
Oxides of sulphur (as S02) mg/Nm3 8503 3800
Hydrogen chloride (HC1) mg/Nm3 303 30s
Hydrogen fluoride (HF) mg/Nm3 8 3 8 3
Particulate matter mg/Nm3 1303 1503
1 Values for natural gas (virtually no sulphur)
2 Values for heavy fuel oil (3-4% Sulphur)
3 Mostly produced by the glass melt.
Life Cycle Impact Assessment (LCIA)
The methods used for impact assessment are those discussed in section 3.3.2 with the 
addition of the subsets of EC non-renewable resource depletion (fraction of reserve and 
reserve life expectancy) and the 100 yr. IPPC greenhouse effect values. Thus, between 
two and four methods are considered within each impact category, as listed in Table 22, 
to give the comparative impact assessment results presented in Figure 36.
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Table 22: LCIA methods used 
Method 1
for glass furnace case study 
Method 2 Method 3 Method 4
Acidification 
epletion of non­
renewables
spletion of ozone 
layer 
Eutrophication
reenhouse effect
Photochemical 
idant formation 
iquatic toxicity
rrestrial toxicity
luman toxicity
CML-Air acidification 
CML-Depletion of non­
renewable resources
CML-Depletion of the 
ozone layer (high) 
CML-Eutrophication
IPCC-Greenhouse effect 
(direct, 20 years) 
WMO-Photochemical 
oxidant formation (high) 
CML-Aquatic eco- 
toxicity
CML-Terrestrial eco- 
toxicity
CML-Human toxicity
ETH-Air acidification
Ec(R)-Depletion of non- Ec(Y)-Depletion of non- Ec(R*Y)-Depletion of 
renewable resources renewable resources non-renewable
(Frac, reserves) (Life expectancy) resources
CML-Depletion of the 
ozone layer (low)
CML-Eutrophication
(water)
IPCC-Greenhouse effect IPCC-Greenhouse effect 
(direct, 100 years) (direct, 500 years)
WMO-Photochemical 
oxidant formation (low)
USES-Aquatic eco- 
toxicity
USES-Terrestrial eco- 
toxicity
USES-Human toxicity
Figure 36: Gas vs. oil impact comparison using LCIA methods as listed in Table 22.
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It can be seen from Figure 36 that, for most impact categories and the majority of 
methods within those categories, the comparative cradle-to-gate assessment shows that 
the gas/oil impact percentage is less than 100%. Thus, for the majority of categories, 
there is improved environmental performance within the cradle-to-gate system when 
converting a furnace from oil firing to gas firing.
With respect to the level of uncertainty associated with the case study LCIA and the 
analysis in section 3.3.2, several issues emerge from the comparison.
For two impact categories (acidification and depletion of ozone), there is no discrepancy 
between the results gained from the differing methods used to calculate the percentage 
change in impact. Examining the acidification category it was identified in section 
3.3.2(b) that uncertainty arose from the range of stressors simulated by the different 
methodologies (ETH provides 15 acidification factors whereas CML provides just 10). It 
has been found that this aspect of uncertainty does not influence the outcome of the LCA 
for this case study since the inventory data includes a limited number of acidifying 
substances (total of 6 ) which appear in both sets. Therefore an identical reduction in 
acidification is given by both methods.
An impact category that is critically influenced by the range of burdens included is 
eutrophication. Like acidification this is a category where there was found to be no 
identifiable uncertainty associated with the modelling used to calculate the classification 
factors and a low degree of uncertainty arising from the scope of stressors included (see 
Figure 35 and Table 20). Unlike acidification however, this low degree of uncertainty 
has a major influence on the LCIA results. The discrepancy arises due to the fact that one 
method limits the eutrophying substance to releases to water, whilst the other includes 
both releases to water and air. Thus one method includes two additional stressors: 
gaseous nitrogen oxides as NOx and gaseous nitrous oxide. In this case study, the 
increase in gaseous NOx associated with combustion of gas is a significant contributor to 
eutrophication. Hence, if gaseous NOx is excluded from LCIA it appears that the 
manufacture and combustion of gas has a lower eutrophication impact than oil, whereas
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when it is included, it is found that the eutrophication category deteriorates when 
switching from oil to gas. From this analysis it can be concluded that it is prudent to 
apply the precautionary principle and adopt the results of the method that includes 
gaseous emissions and shows a deterioration of eutrophication.
When considering the remaining categories it can be seen that the different sources of 
uncertainty result in discrepancies in the outcome of LCIA within categories. All these 
categories however agree on the sign of the change. For depletion of non-renewables all 
methods show that gas firing has a detrimental impact compared to oil firing. For 
greenhouse effect, photochemical oxidant formation and the three toxicity categories all 
methods show that gas firing improves environmental performance compared to oil 
firing. It is interesting to note that the human toxicity category, for which a large degree 
of uncertainty both in the availability and modelling of characterisation factors has been 
identified, shows a low discrepancy between methodologies (both show between an 
8-10 % reduction in impact). This is since in this case study, most of the cradle-to-gate 
Human Toxicity is related to the glass raw materials, which remain unchanged 
irrespective of firing with gas or oil. This large constant contribution to the category has 
a masking effect on methodological uncertainty and reduces the range of discrepancy.
3.3.4 Discussion
Whilst LCIA is still in its stage of rapid development it is clear that practitioners need to 
be aware of the influence that methodology has on the outcome of impact assessment. It 
can been seen throughout this discussion that although it is possible to identify the 
uncertainties in modelling and those categories where methodological consensus is being 
approached, the effect on the outcome of LCIA is highly case dependent. Any level of 
uncertainty in the methodology can influence the outcome of an assessment. Seemingly 
low levels of uncertainty, with one or two differences in the stressors considered, can 
critically influence an impact category (e.g. eutrophication in this case) yet conversely 
seemingly high levels of uncertainty need not necessarily result in a large discrepancy of 
outcomes (e.g. human toxicity in this case).
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It is recommended that in carrying out an LCIA, rather than trying to choose the most 
suitable method for each category, all available models should be considered so that the 
influence of methodological differences on the outcome of specific LCIAs can be 
determined. Figure 37 represents a concise method by which the methodological 
uncertainty can be displayed. For each impact category all available methods are applied 
(as with the case study) and the maximum and minimum values are plotted as bars, to 
show the range of methodological uncertainty, together with the impact category 
midpoints (average change in impact). By the application of this approach to the 
presentation of LCIA data, the level of uncertainty due to methodological differences is 
clearly revealed and those categories with large discrepancies can be investigated further 
so that the source of that uncertainty can be identified. Approaching LCIA in this way 
allows decision-makers to manage the uncertainty and make choices based on the 
available range of methodological options.
Figure 37: Gas vs. oil impact comparison with methodological uncertainty bars and 
midpoints (from Nicholas et al., 2000)
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3.4 Life Cycle Policy Mapping - Environmental policies for the glass industry 
Goal and scope definition
The purpose of this section is to demonstrate in detail, the concept of Life Cycle Policy 
Mapping (LCPM), using the glass industry as a case study. The study is particularly 
relevant for those seeking to take a holistic approach by the integration of environmental 
life cycle approaches into policy-making; those who are specifically involved with 
policy-making for the glass industry and also for members of the glass industry supply 
chain.
The aim of the study is to demonstrate the application of LCPM to support policy-making 
via analysis of existing and developing policies (as opposed to a detailed LCA for BPEO 
under existing legislation). The study focuses on container glass (e.g. bottles or jars) and 
examines the whole life cycle, from 6cradle-to-grave\ This includes: acquisition and 
supply of raw materials to a glass manufacturing installation; the manufacturing process; 
container filling; use (including possible imports/exports) and various waste management 
options. It examines both regulatory and fiscal measures which impact upon the life cycle 
(excluding general policies such as nuisance legislation which may influence all stages of 
the life cycle) and is based on available average environmental data.
Since this study relies on existing LCAs, the discussion will focus on the LCPM specific 
methodological aspects, i.e. the process flowchart, a summary of existing data, policy 
identification, policy mapping and finally discussion of the study findings. In addition, 
although the issues concerned have been discussed with individual members of the glass 
industry on various occasions, a complete stakeholder consultation process has not been 
undertaken. It is therefore recommended that the issues examined herein should be 
reviewed by stakeholders and policy makers and used as a tool to facilitate further 
discussion -  deliberation and synthesis, as highlighted by RCEP (1998).
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Inventory Analysis 1: Process Flowchart
The life cycle flowchart in Figure 38 is based on the generic diagram presented in section 
2.3.4. The basic manufacturing, use and waste management stages have been discussed 
previously. In the case of the container glass industry, various possible material loops or 
cascade systems exist. These have been defined in the Producer Responsibility 
Obligations (Packaging Waste) Regulations 1997 (SI 1997 No. 648) and include:
• Reuse, where multi-trip containers are collected and refilled (Container filling Use 
*  Waste management »  Sorting and sterilising *  Container filling »  etc.)
• Recycling, where collected glass is remelted to form new containers (Container 
manufacture Container filling *  Use *  Waste management Material 
reprocessing »  Container manufacture *  etc.)
• Recovery, where the glass is put to an alternative use such as a filler for the base 
layer in roadways (DETR, 1999b).
In addition, of particular importance is the influence of imports and exports upon these 
material loops (Nicholas et al., 1998; DETR, 1999b).
Figure 38: Container glass life cycle
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Inventory Analysis 2: Data Collection
Within this section of LCPM, those carrying out the study would endeavour to obtain 
data concerning both the mass and energy flows of the system being considered and the 
policy being investigated. In this case, extensive LCA work has been carried out (e.g. 
section 3.2) and the study will be based on this existing LCA data supported by additional 
information relating to the total quantities of glass within the system.
To summarise the results of previous LCA work (i.e. section 3.2) it has been highlighted 
that the glass manufacturing process is a major consumer of energy. Whilst energy 
consumption has been reduced as a result of improvements in furnace efficiencies, glass 
manufacturing remains one of the main industrial consumers of energy (DoE, 1994; DTI, 
2000a). Since the majority of the total energy requirement (7.8 MJ/kg of packed ware) is 
supplied directly through the combustion of fossil fuel there are a number of associated 
substantial impacts: i.e. depletion of non-renewables, acidification, eutrophication and 
greenhouse effect. The LCA also highlighted the additional burdens associated with the 
processing of raw materials (in particular soda ash) which are often not considered 
because of the perception that the raw materials are abundant and that glass recycling is 
carried out solely for the purpose of energy consumption.
With respect to the whole life cycle, Ogilvie (1992) demonstrates that in considering the 
energy requirements for all stages (manufacture, filling, delivery, return), the 
manufacturing stage energy requirement is clearly dominant. Glass reuse and to a lesser 
extent recycling, reduces manufacturing energy consumption. Moreover, reuse and 
recycling reduce the burdens associated with raw material processing. It is therefore 
possible to identify a glass waste hierarchy with reuse being preferable (due to the 
avoidance of manufacturing burdens) followed by recycling and then manufacture of 
glass from raw materials (DoE, 1994). Thus, for glass the conventional waste hierarchy is 
valid.
According to the Market Development Group (DETR, 1999b), the UK’s glass container 
manufacturers produce approximately 1.9 million tonnes of glass per annum. In 1998 22
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% was recycled (no figures are given for the quantity reused). This does not compare 
favourably with the majority of EU countries who consistently recycle at a figure above 
50 %. The majority of UK glass manufacture is clear (flint) glass. Glass container 
exports from the UK total around 440,000 tonnes per annum (mostly flint glass bottles of 
spirits, particularly whisky) whilst imports account for around 750,000 tonnes per annum, 
much of which is beer and wine in green bottles. It is noted that this imbalance in glass 
colour is the principle barrier to increased recycling of glass.
A further barrier to increased recycling is the quality of glass supplied for recycling 
(DETR, 1999b). As noted by Stockdale (1998), poor quality cullet can have serious 
implications. For one manufacturer, lead contamination from poor quality cullet not only 
affected the furnace boost electrodes, but also began leaking from the joints in the floor 
of the furnace. Nicholas et al. (1997b) highlight that the need to recycle poor quality 
cullet also has the potential to force manufacturers into using increasing quantities of 
additives (such as selenium) to maintain product quality. These additives can result in 
increased atmospheric emissions and associated impacts. It is ironic that these additional 
burdens arise from the desire to reduce environmental impact through increased levels of 
glass recycling, something which current policy appears to overlook.
Inventory Analysis 3: Policy Identification
As discussed by Stockdale (1998) and Nicholas and Terry (1998), during the last few 
years a complex array of environmental policies impacting upon the glass life cycle has 
been developing, ranging from fiscal measures such as landfill and energy taxes to 
regulation, including IPPC and producer responsibility. Table 23 identifies environmental 
policies with respect to their influence on the individual stages of the life cycle but 
excludes general policies such as nuisance or contaminated land legislation which may 
influence all stages of the life cycle. In this case study the exact requirements (emission 
limits or recycling targets) of the policies are not listed, although specific issues are 
raised during the course of discussion of the policy maps.
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Table 23: Environmental policies throughout the glass life cycle
Life Cycle Stage Policy Policy Competent Authority
Raw Materials Pollution Prevention and Control* 
Aggregates Tax*
Regulation
Fiscal
Local Authority 
Customs and Excise
Manufacturing, 
utilities, emissions and 
process waste
Pollution Prevention and Control* 
Waste management licensing 
Landfill Tax 
Climate change levy*
Regulation
Regulation
Fiscal
Fiscal
Local Authority 
Environment Agency 
Customs and Excise 
Customs and Excise
Container filling Packaging (Essential Requirements) Regulation Weights and Measures authorities
Container Use - - -
Imports / Exports Packaging (Essential Requirements) Regulation Weights and Measures authorities
Sorting and sterilising Packaging (Essential Requirements) Regulation Weights and Measures authorities
Waste management Producer Responsibility (packaging) Regulation Environment Agency
Material reprocessing Producer Responsibility (packaging) Regulation Environment Agency
Other Use Producer Responsibility (packaging) Regulation Environment Agency
Disposal Waste management licensing 
Landfill Tax
Regulation
Fiscal
Environment Agency 
Customs and Excise
Transport Fuel Duty escalator Fiscal Customs and Excise
* Prescribed processes will gain relief from the aggregates levy and a potential 80% rebate from the 
climate change levy (HM Customs and Excise, 2000)
Even before applying Policy Mapping, it can be seen that policies now impinge on almost 
the entire glass life cycle. Since the majority of these policies are less than four years 
old, it indicates a very rapid development in the scope of environmental control; Prior to 
1996 regulation and taxation was limited to Air Pollution Control, Waste management 
and Fuel Duty. It has been noted, however that policy developement is ‘piecemeal’ 
(Stockdale, 1998). This is reinforced when consideration is given to the many different 
authorities enforcing control: i.e. Local Authorities; the Environment Agency; Customs 
and Excise and the Weights and Measures Authorities. It would be ironic if the Treaty on 
European Union (Treaty of Amsterdam, 1997), which requires integration of 
environmental issues into policies across the community, had resulted in this piecemeal 
and non-integrated approach. Industrial representatives have argued that the complexity 
and interdependent nature of the issues involved requires a more integrated approach 
(Stockdale, 1998).
The following Life Cycle Policy Maps for regulatory influence, fiscal influence and 
combined fiscal plus regulatory influence are used to discuss the various approaches and 
their effectiveness in achieving the optimisation of the life cycle.
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Inventory Analysis 4: Policy Mapping 
Regulation
The first policy map (Figure 39) examines the influence of environmental regulations 
across the life cycle. This depicts the scope of the Pollution Prevention and Control Act 
1999 (PPC), the Producer Responsibility Obligations (Packaging Waste) Regulations 
1997 (SI 1997 No. 648), Waste Management Licensing under EPA90 pt.II and the 
Packaging (Essential Requirements) Regulations 1998 (SI 1998, No. 1165).
Figure 39: Regulation across the glass life cycle.
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The scope of PPC as discussed previously at length, has been shown to cover the ‘cradle- 
to-gate’ system (with the exemption of PPC for waste management installations). The 
Packaging Waste Regulations sets targets for recovery and recycling and hence covers 
the majority of the system from ‘gate-to-grave’. However, the Packaging Waste 
Regulations do not cover the reuse loop of the system, which is a serious environmental
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shortcoming since LCA has demonstrated reuse to be the preferred environmental option 
(Ogilvie, 1992). Whilst Article 5 of the Packaging Directive states that Member States 
may encourage reuse systems of packaging (European Parliament and Council Directive 
94/62/EC) the UK has chosen not to establish targets for increasing quantities of 
packaging reused (as opposed to recovered or recycled). The extent to which reuse issues 
are included within legislation is limited, since the Essential Requirements state that 
packaging placed on the market must now be designed to enable multiple trips. However, 
this does not ensure that the packaging will then actually be reused, since there are no 
regulations enforcing packer/fillers and waste companies to establish the reuse 
infrastructure. In addition there is a danger that the impetus to increase recycling rates 
results in glass that is collected during waste management being earmarked for remelting 
and thus, ironically, further hindering the reuse of glass. If the preferred environmental 
option, as identified by LCA, is to become routine then the scope of the UK’s Producer 
Responsibility regime must be extended to include targets for an increased percentage of 
container reuse.
Packaging (Essential Requirements) Regulations 1998 (SI 1998, No. 1165) could be 
interpreted in a way so as to overcome one of the major barriers to recycling: that of the 
imbalance in colour between UK glass imports and exports. The Essential Requirements 
state that packaging shall be ‘designed, produced and commercialised in such a way as to 
permit its reuse or recovery, including recycling’. If the UK clear glass recycling market 
is saturated, then further design of packaging using clear glass cannot be considered to 
permit its recovery (unless it is being reused). Under the Essential Requirements 
packer/fillers should encourage the use of green glass (particularly that for export), thus 
reducing the imbalance. However, the Market Development Group (DETR, 1999b) has 
proposed an alternative solution, that ‘UK retailers and other importers should specify 
clear or amber glass bottles for the beer and wine they import currently in green glass’ 
and that the ‘DTI and DETR should explore with the major importers of packaging ways 
of reducing green glass imports’. Why change the majority to suit the minority? As noted 
by Nicholas et al. (1998) ‘A Scotch in any other bottle tastes just as fine ...’ The use of
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the Essential Requirements to increase the import of clear glass as opposed to the 
increase of export of green glass could be termed “an opportunity lost”.
Another issue raised by the Essential Requirements concerns the maximum levels of 
impurities allowed in packaging placed on the market, with the aim of protecting 
consumer health and safety. As noted by Stockdale (1998), one of these substances is 
lead, which must not exceed 100 ppm. This is a perplexing limit knowing that the lead in 
glass is fixed and relatively harmless (lead crystal contains over 22%). The main source 
of lead is from contaminated cullet; contamination that is occurring due to pressures to 
increase quantities of glass recycled, irrespective of cullet quality. Thus, recycling targets 
under the Producer Responsibility Obligations are jeopardising the contaminant limits 
within the Essential Requirements, both of which fall within the scope of the EC 
Packaging Directive (European Parliament and Council Directive 94/62/EC). It can only 
be assumed that this situation has arisen because the Directive sets targets and limits for 
packaging as a whole, without considering specific product issues and moreover, that the 
parts of the Directive have been implemented under separate regulations and by separate 
authorities. This is a clear demonstration of the need to consider the impact of policy 
decisions throughout the life cycle of specific products and to co-ordinate regulations. As 
noted previously, this is an issue that looks set to be addressed through an Integrated 
Product Policy (Ernst & Young and SPRU, 1998).
To summarise the discussion this far, the regulatory policy map (Figure 39) has 
demonstrated that LCPM can support consideration of the entire life cycle when drafting 
and analysing policy, including information from major stakeholders. This enables a 
detailed understanding of specific product systems and the interactions within them. 
Specifically, LCPM has demonstrated that in this case, whilst ‘hot-spots’ in the life cycle 
are regulated (manufacturing under PPC) the least polluting activities are not actively 
encouraged. In the UK, in spite of the results of LCA there are no statutory targets to 
promote container reuse. In addition, LCPM has demonstrated that targets set for one 
part of the life cycle (e.g. lead concentration) can impede an environmentally beneficial
MJ.Nicholas 127
Chapter 3 -  The Glass Industry: A case study
activity elsewhere in the life cycle (e.g. recycling), thus highlighting the requirement to 
consider the implications of policy-making across the life cycle.
Fiscal policy
The need to consider a coherent approach to policy making becomes even more apparent 
when fiscal policy measures are added to the policy map. Generally, the aim of 
environmental taxes is to ‘internalise the externalities’, which essentially involves 
bringing the environmental costs of an activity into the economy (Pearce, 1993). The 
taxes that have been developing recently include the climate change levy, the landfill tax, 
the aggregates levy and further increases in the fuel duty escalator. The influence of 
these on flows within the life cycle is depicted in Figure 40.
Figure 40: Regulation and fiscal measures across the glass life cycle
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On a generic level environmental taxation has the potential benefit of providing a 
financial incentive for cleaner technology and industrial ecology. For example, 
increasing the cost of both aggregates and landfill tax should make reuse, recovery and 
recycling systems comparatively more attractive, as long as the initial start-up costs are 
not prohibitive. This will also be dependent on the expected payback period of 
investments and whether whole life costing is included in the decision-making process. 
Through increasing energy costs the energy efficiency should become of increasing 
importance and by increasing fuel duty the reduction of transport burdens would be 
encouraged.
However, an examination of fiscal measures with respect to individual products and their 
specific regulatory regimes, shows that in many cases there is a degree of double control 
and in a few cases the fiscal and regulatory measures are in conflict. To a certain extent, 
legislators are making an effort to reduce the burden on industry, by reducing overlaps in 
regulation and fiscal policy. For example, since IPPC requires consideration of material 
and energy efficiency when determining BAT, processes prescribed for PPC will gain 
relief from the aggregates levy and a potential 80 % reduction in the climate change levy 
(HM Customs and Excise, 2000). However, the reduction in climate change levy will not 
apply to activities that are outside the scope of IPPC. Therefore rising energy costs may 
hinder energy consuming stages within the glass life cycle, which are essential for 
achieving reuse or recycling (e.g. cullet crushing and sorting). Following a similar line of 
thought, the climate change package includes capital tax allowances for the installation of 
energy efficient techniques (DETR, 2000). The capital tax allowances, however, do not 
extend to all environmentally beneficial techniques. Thus there is the potential for 
environmentally beneficial, but energy consuming techniques, to be penalised. For 
example, an end-of-pipe technology may be designated as BAT for protection of the 
environment as a whole, but the inherent additional energy consumption will be taxed. In 
this case the climate change levy is in conflict with IPPC.
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The fuel duty escalator provides a further, topical example of the conflict between 
generic and case specific aims. It has been highlighted that the energy ‘hot-spot’ in the 
glass life cycle is the manufacturing process (section 3.2 of this portfolio and Ogilvie, 
1992). The furnace energy consumption can be reduced by centralisation of 
manufacturing in larger and more efficient furnaces and through the recycling of glass 
(DOE, 1994). Both measures however, result in an increase in transportation. Since 
fiscal measures are set at a national level, it is not feasible to adjust taxes to suit specific 
product life cycles. In this case it is not possible to balance fuel duty and the climate 
change levy to ensure that the cost savings achieved through reduced furnace energy 
requirements outweigh the additional cost of transportation. Thus the fuel duty escalator 
has the potential to deter closed loop systems when transport distances are large, even if 
the benefits of reuse/recycling outweigh the transport burdens on a life cycle basis.
The recognition that national fiscal policy, developed under the auspices of 
environmental protection, can actually hinder case specific BPEO shows parallels with 
regulation. Both IPC and the new PPG regimes require case specific determination of 
BAT, since site specific issues influence the decision: i.e. the BAT for one installation 
may not be BAT for another. An exemption to this is the establishment of General 
Binding Rules for smaller industrial sectors, with large numbers of installations, where 
case specific assessment is not practicable (Pollution Prevention and Control (England 
and Wales) Regulations 2000 (SI 2000 No. 1973)). Therefore, fiscal measures should be 
considered as beneficial for these general aims, for which individual control would be 
impracticable. They cannot, however, be expected to be beneficial in all cases and the 
need for case specific regulation will remain (RCEP, 1998). This is summarised by the 
RCEP (1998) who state that ‘Well designed economic instruments should be capable of 
achieving a better overall result for the environment... although improvements are likely 
to be differently distributed and the environmental outcome in some areas might be 
inferior to that which would have been brought about by direct regulation’. The glass 
LCPM has highlighted an example of this phenomenon.
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A further parallel can be drawn between regulatory and fiscal policy is with respect to the 
scope of environmental issues covered. With regard to regulation, it has been discussed 
that the scope has moved towards an integrated approach with an increasing range of 
impacts included, so that transfer of burdens from one impact to another is not 
overlooked. With respect to environmental fiscal policy, which is still relatively new, 
since a limited number of impacts (currently energy/fuel and landfill) are internalised 
within the economy, then economic forces will tend to favour the protection of that 
limited number of aspects and will thus fail to achieve a balanced approach. Moreover, 
further problems faced with fiscal approaches to environmental improvement are 
associated with attempting to attach cost to environmental quality. Here the unresolved 
question is; what value should be attached to individual aspects of the environment and 
indeed, how can you trade-off one aspect against another?
The difficulties in decision-making involving trade-offs of environmental impacts occur 
throughout the environmental field. For example, policies with the specific aims of 
reducing acidification or global warming could inadvertently shift the burden to an 
impact from nuclear power (Emmot and Haigh, 1996). According to the latest thinking 
from the EC, the solution should follow a product specific approach (Integrated Product 
Policy), so that policies can be integrated throughout the product life cycle with due 
consideration being given to all environmental impacts and the specific characteristics of 
the system under control (Ernst & Young and SPRU, 1998). However, if a win-win 
situation cannot be found where all impacts are reduced or where regulatory and fiscal 
goals are aligned the question is again: What value should be placed on each option? At 
what point should it be recognised that one impact is more important and requires a 
higher degree of control than any another? This remains one of the most difficult and, as 
of yet unresolved issues within the environmental field. The benefit of adopting a life 
cycle approach, and in particular LCPM, is that such trade-offs are identified and are 
included within the decision making process. When the problem has been acknowledged 
then the corrective action can be discussed and developed. It is intended that Life Cycle 
Policy Mapping will be used as a tool to support such a debate.
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3.5 The calibration of particulate monitoring systems in the glass industry
As a result of coursework carried out for the ‘Environmental Measurement’ module 
(Annex IV), an important issue was highlighted with respect to calibration of particulate 
monitoring equipment. This lead to a review of the calibration requirements for 
particulate monitoring of glass furnace waste gas and a published article (Annex II).
The glass manufacturing industry is currently undergoing a period of transition with 
respect to environmental pollution control and measurement. This is a direct result of 
both national legislation, for example the impending UK deadline for the Environmental 
Protection Act 1990 (EPA90), and European legislation such as the Directive on 
Integrated Pollution Prevention and Control (Council Directive 96/61/EC). Such 
legislation is forcing reductions in emissions, which are being achieved through both 
primary measures (i.e. in-process emission reduction) and the increasing requirements for 
the installation of flue gas cleaning systems.
Together with the requirement of emissions reduction comes the need for continuous 
emissions monitoring systems, in order to demonstrate legislative compliance. With 
tightening emission limits, the errors associated with emissions measurement become 
increasingly important. HMIP (1994) report that the precision of available 
instrumentation is relatively high. For example, transmissometers (optical density 
measurement) have a precision of approximately 2%. However, a factor that is more 
important than precision is calibration, as this has a large impact on the accuracy of the 
measurements. A high precision instrument, if calibrated poorly, can be misleading.
In order to discuss the issues associated with methods for calibration of a continuous 
emission monitoring system, this article will focus on particulate sampling for glass 
furnaces in the UK. There are three British Standards available for particulate 
measurement; BS 893 (1978), BS 3405 (1983) and section 4.3 of BS 6069 (1992). BS 
6069 is identical to ISO 9096. To determine which method is most suitable, it is 
necessary to compare the three standards with respect to overall accuracy and ability to 
measure the fume emitted.
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Prior to examining the details within the standards, the nature of the particulate emissions 
should be understood. Particulate matter originates from two main sources within an 
installation. The primary source is the furnace itself. According to Lurgi (1993) these 
particles are extremely fine (Figure 41), and are categorised as a fume, with the majority 
having diameters in the range 0.01-0.15 pm (dso ^  0.06 pm). 90 % of particulate emitted 
from the furnace is formed due to resublimation of saltcake (NaaSC^), which has been 
volatilised from the glass melt (DoE, 1994). The remaining 10 % of furnace particulate 
includes those entrained from the batch mixture and combustion products. The second 
source of particulate matter arises from legislative requirements to install process plant to 
remove acidic compounds from the flue gas. For the Best Available Technique, this 
entails addition of lime in the form of a dry powder (dso — 7 pm), the majority of which 
is subsequently collected by electrostatic precipitator (European Commission, 1999a). 
Since it is easier to collect the larger particles (as distinct from the fume), it can be seen 
that, whether there is gas cleaning equipment installed or not, the emissions to 
atmosphere will mainly consist of the sub-micron fume emitted from the furnace.
Figure 41: Distribution of dust contained in furnace waste gases (Lurgi, 1993)
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As stated in the standards, the main influence on the accuracy of measurements obtained 
is associated with the number of sampling points (see Table 24). Both BS 893 and BS 
6069 require a large number of sampling points across the duct to obtain a representative 
sample (e.g. 4 to >40 for BS 893), whereas BS 3405 states that only 4 or 8  sampling 
points are necessary (since BS 3405 is a simplified method). So, for example, a duct with 
diameter 2.25 m would require 16 sampling points using BS 893 or BS 6069 and only 4 
sampling points using BS 3405. Thus, the accuracies for both BS 893 and BS 6069 (±10 
%) are greater than that for BS 3405 (± 25 %). In terms of particulate emissions 
measured using BS 3405 this means that a reading as high as 125 mg/Nm3 could relate to 
actual emissions that are compliant with the 100 mg/Nm3 UK limit (i.e. +25 %). 
Conversely, a reading that suggests compliance may relate to actual emissions of 133 
mg/Nm3 (-25 %). Use of BS 893 or BS 6069 would narrow this margin of error 
significantly.
Table 24: Comparison between BS 3405, BS 893 and BS 6069.
BS 3405 (1983) BS 893 (1978) BS 6069 (1992)
No of sample points 4 or 8 4 to >40 4 to >17
Expected accuracy ± 2 5 % ± 10% ± 10 %
Minimum particle
collection
requirements
particle % 
size collection 
pm efficiency 
>20 >98 
10-20  >96 
5 - 10 >90 
1-5 >60 (>90*)
particle % 
size collection 
pm efficiency 
>5 >99 
1 -5  >98 
0.5 - 1 >96 
<0.5 >90
particle % 
size collection 
pm efficiency 
0.3 >98
* Specified for waste gases with a high proportion of particulate <5 pm.
The second major and arguably more important difference between the standards 
concerns the specification for the separator used to filter the sampled particles from the 
collected flue gas. Within the standards, minimum efficiencies for the mass of particles 
collected are stated for differing particle sizes (Table 24). As can be seen, BS 3405 
requires the separator to achieve a lower collection efficiency than BS 893, which in turn 
requires a lower collection efficiency than BS 6069. With respect to the sub-micron 
fume, important for glass furnace waste gas, BS 3405 does not state a minimum 
efficiency, whereas BS 893 requires >90 % for particles <0.5 jam and BS 6069 requires
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>98% for 0.3 pm particles. Thus, BS 3405 and to a lesser extent BS 893 could both 
under-estimate the quantity of particulate matter in the waste gas, as compared with 
measurements obtained using BS 6069. Indeed, for Iron and Steelworks the chief 
inspectors guidance (HMIP, 1995) states that BS 6069 is more appropriate than BS 3405 
due to the problematic nature of measurement of fume.
From this comparison it can be concluded that, when calibrating a continuous emissions 
monitoring system for glass furnace particulate matter, BS 3405 should not be used, but 
BS 6069 or possibly BS 893 should be considered. Contrary to this conclusion however, 
the Secretary of State’s guidance note (DOE, 1995a) states that BS 3405 is the reference 
test method to be used. Further examination of the practicalities involved in these 
standards would be advisable to determine which method would be suitable. It is clear 
that this is an issue that requires a more detailed analysis, if systematic calibration errors 
are to be avoided.
In addition to publication in a trade journal for the glass industry (Nicholas, 2000), the 
work has been discussed directly with those responsible for compiling the Secretary of 
State’s guidance at the Environment Agency who are now investigating the alternative 
test methods. It is hoped that this research will influence the new glass guidance note to 
be prepared during Spring 2001 and thus improve the accuracy of particulate monitoring 
in the glass industry.
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Chapter 4
Sustainable Development and the Process Contracting Industry
During the final year of this work the Research Engineer has provided environmental 
expertise for the implementation of an Environmental Management System (EMS) within 
the sponsor organisation, Lurgi (UK). This chapter discusses methods by which the 
process-contracting industry can examine and improve the impacts of its products’ life 
cycles and thus the contribution to the challenges of sustainable development. It should 
be noted that the Lurgi (UK) EMS is still in the developmental stages and thus some of 
the new approaches (for example that for achieving continual improvement) are 
conceptual and require testing and further development.
4.1 Overview and general implications for industry
As outlined in Chapter 2, National, European and International environmental policy is 
now being driven by the concept of sustainable development, which is commonly defined 
as:
“Development which meets the needs of the current generation without 
compromising the ability of future generations to meet their own needs”
(WCED, 1987).
As a result of the agreement made at the 1992 UN Conference on Environment and 
Development in Rio, the issues surrounding sustainable development have been filtering 
through to both the National and local level under the extensive set of principles set out in 
Agenda 21. These principles cover issues ranging from, combating poverty and 
deforestation, to protection of health and the atmosphere (UNEP, 2000b).
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The UK government has interpreted sustainable development as:
Development which ensures a better quality of life for everyone, now and for 
generations to come (DETR, 1999c), 
and has outlined how this will be achieved by virtue of four objectives:
• social progress which recognises the needs of everyone;
• effective protection of the environment;
• prudent use of natural resources; and
• maintenance of high and stable levels of economic growth and employment.
These issues are to be an integral part of policy-making on the economy, local 
communities and the environment. Progress towards their achievement will be monitored 
through a set of annually published ‘headline indicators’, as outlined in the 1999 
publication 6 A better quality of life’ (DETR, 1999c).
At the local level, the array of issues falling under the concept of sustainable development 
is being implemented through Local Agenda 21 initiatives. These include both 
governmental and voluntary groups, which tackle issues such as traffic reduction, 
recycling, water quality, energy conservation and education (Surrey County Council, 
2000).
It is apparent that there is currently great activity within government to develop policies 
that will initiate a move towards more sustainable practices. However, the impact on and 
requirements for individual sectors of industry are not readily defined. The UK Strategy 
for sustainable development encourages sustainable business and outlines generic 
potential benefits (DETR, 1999c), but the direct implications for individual companies 
can be difficult to interpret in practice (Azapagic and Perdan, 2000). At a general level, 
sustainable development requires the satisfaction of the three objectives of social equity, 
economic prosperity and environmental protection. It has been highlighted that for 
individual organisations to address such issues it will be necessary for commitments to be 
made at the highest level of management, so that ‘the bottom line’ of profitability is 
converted to a ‘triple bottom line’ in order to create ‘win-win-win solutions’
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(SustainAbility, 1999). The DTI has recently published its sustainable development 
strategy, which stresses that the economic sacrifices implied by ‘balancing’ or ‘trading 
off the three core aspects need no longer exist since the adoption of more sustainable 
practices actually involves an ‘integration’ of the three aspects to create environmentally 
and socially sustainable industries (DTI, 2000b). The DTI’s current key objectives are to 
encourage improvements in resource productivity and a greater corporate social 
responsibility.
Whilst economic considerations are currently the cornerstone of business management 
systems, and the objective of economic growth is given increasing prominence, much 
effort has been expended to raise the profile of environmental and social management 
issues. In 1991 the International Chamber of Commerce (ICC) developed the Business 
Charter for Sustainable Development with the aim of providing a foundation for 
businesses to build an Integrated Environmental Management System (ICC, 2000). This 
establishes 16 key principles that can be used as a guide to organisations in the 
establishment of environmental policies. These cover issues ranging from the recognition 
of environmental management as amongst the highest corporate priorities, to education of 
employees as to how to conduct their activities in an environmentally responsible 
manner. Furthermore it includes issues such as the prevention and minimisation of 
environmental impacts from processes, products and services and the development of 
emergency preparedness plans. McIntosh et al. (1998) note that most of these principles 
are included within the requirements of ISO14001 (1996), the international standard for 
Environmental Management Systems (EMSs) and within EMAS, the European Eco- 
Management and Audit Scheme. The now widely recognised business benefits of EMSs 
include lower resource costs, less expensive waste disposal, increased markets, improved 
employee relations and decreased liabilities. It is also noted that, with respect to social 
issues, in 1997 the Council on Economic Priorities Accreditation Agency launched a 
global standard for Social Accountability: SA 800. The basis of SA 800 is International 
Labour Organisation conventions such as those on forced labour and freedom of
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association and on the UN’s declaration of Human Rights and its convention on Rights of 
the Child (McIntosh et al., 1998).
It is clear that companies can now do much to move towards more sustainable practices. 
Their efforts can be enhanced through the combination of economic, environmental and 
social issues, into an integrated business management system. But although the guiding 
principles are in place, the question remains: What does sustainable development mean in 
practice for specific sectors of industry? The following discussion will focus on the 
environmental issues associated with the process contracting industry in the context of 
sustainable development.
Although there is no current governmental guidance for process contractors, the industry 
can be thought of as analogous to the construction industry (building and civils), for 
which Government Initiatives are being developed. During 1998 the DETR consulted on 
a Sustainable Construction Strategy (DETR, 1998c). From this, three broad socio- 
environmental themes can be extracted:
1. The construction industry itself is a significant polluter and consumer of resources. 
Increasing material reuse and recycling or avoidance and minimisation of pollution 
could contribute significantly to sustainable development. These issues are discussed 
in section 4.2 in terms of the ‘Direct’ aspects of a process contracting company. 
Here, ‘Direct’ refers to aspects that are associated with specific activities carried out 
by the company and not associated with its products or services.
2. Buildings and installations, in operation or at the end of their life, consume energy 
and materials and create waste and pollution. Improving energy and resource 
efficiency of an inhabited building are key issues. This is discussed in section 4.3 
with respect to the ‘Indirect’ aspects of the existing technology portfolio of a process 
contracting company. ‘Indirect’ aspects are those associated with activities over 
which the company has control or influence but which are not activities of the 
company itself (for example those related to use or disposal of its products).
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3. The overall design and type of building supplied should meet the needs of society. 
Ensuring that the type of product or service supplied enhances quality of life is a key 
issue for a more sustainable business. This is discussed in section 4.4 with respect to 
the ‘Direct’ and ‘Indirect’ aspects of possible future technology portfolios.
The UK Government is strongly encouraging larger companies to adopt a certified EMS 
in order to identify and manage their ‘direct’ and ‘indirect’ aspects (DETR, 1999c) and is 
itself implementing EMSs within Government Departments (DETR, 2000b). The 
discussion that follows outlines a number of the challenges faced when developing an 
EMS within the process contracting industry and the issues discussed are supported by 
examples from an EMS currently being developed for Lurgi UK (L’UK). An outline of 
the L’UK EMS, including the environmental policy statement, generic environmental 
aspects and objectives and targets for improvement can be found in Annex V. Included 
with the outline EMS is a recommendation document prepared by the research engineer 
on behalf of the L’UK Safety Health and Environment (SHE) committee, part of which 
summarises ISO 14001 and presents the case for its implementation with L’UK.
MJ.Nicholas 141
Chapter 4 -  Sustainable Development and the Process Contracting Industry
4.2 ‘Direct’ aspects of a process-contracting company
An integral part of ISO 14001 is the identification of the environmental aspects 
associated with an organisation’s activities, products and services. For L’UK, the life 
cycle of its products (process plant) has been divided into five phases, outlined in Figure 
42. Since the majority of L’UK clients require IPPC permits, these phases are based on 
the considerations required for BAT within the IPPC directive (Council Directive 
96/61/EC).
For each phase, a number of environmental sub-categories have been used to support 
identification of environmental aspects. These sub-categories are: air, water, land, waste 
management, resource and raw material use, other local and community issues and 
management issues. From these sub-categories, 96 generic environmental aspects have 
been identified, as listed in Annex V (generic in that they are common to all L’UK 
projects). Of the 96, approximately 70% can be considered as ‘Direct’ aspects. These 
direct aspects range from travel and activities in the office (paper, energy use etc.) to the 
various activities associated with a construction site and commissioning of an installation. 
Included are several socio-environmental aspects such as stakeholder communication and 
the environmental awareness of employees or subcontractors.
Figure 42: Phases of the L’UK product life cycle
Design (Proposals and 
detailed engineering)
■  Construction
Decommissioning m  _and Commissioning
 ^ Lurgi
/  \
Maintenance Operation
Major Lurgi Influence 
Moderate Lurgi Influence
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One of the core principles of a certified EMS is that a company must commit to comply 
with relevant environmental legislation, must identify and have access to that legislation 
and must establish procedures for measurement and monitoring to prevent offences being 
committed and to correct nonconformances when they do occur (ISO 14001, 1996). The 
need to keep in touch with developments in legislation is becoming increasingly 
important as the depth and breadth of policy, driven by moves towards sustainable 
development, increases (as discussed in previous chapters). Most companies currently 
consider legal compliance to be important and would certainly not seek to commit an 
offence. Many do not, however, have any system established to ensure that all relevant 
legislation has been identified and that the organisation’s activities actually comply with 
all legal requirements. Organisations with an EMS are less likely to commit an 
environmental offence and hence their environmental performance should exceed the 
minimum threshold set through legislation. This can lead in turn to related business 
benefits such as improved image of the company, higher share value and lower insurance 
costs. In addition, tracking developing legislation enables a company to be proactive, 
thus promoting dialogue with government to plan the most cost-effective solutions for 
forthcoming requirements.
For the process-contracting industry, the legal situation is particularly complex since, 
unlike the process industries, it is not covered by an integrated system of pollution 
control. The different chains of responsibility inherent within the contracting industry 
increases the complexity, which means it is particularly difficult to establish the 
responsibility and liability for specific aspects. When considering the legal debate (and 
costs) that may ensue in determining liability for causing or knowingly permitting a 
polluting incident - the client, the contractor, the sub-contractor, several or none of them - 
it is as infinitely more desirable in the first instant to implement efficient management 
systems to reduce the probability of incidents.
The direct aspects of a process-contracting company, which fall within the scope of 
environmental legislation, are mainly associated with the construction and
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commissioning of the process plant. These range from planned activities, which require 
specific licensing (e.g. disposal of waste), to possible unplanned or emergency situations 
which may cause pollution (e.g. pollution of controlled waters). A list of the legislation 
covering L’UKs direct aspects is given in Table 25. According the EA, the construction 
industry is one of the highest polluting industrial sectors, with the majority of 
prosecutions in 1999 concerning waste and water offences (Environment Agency, 1999). 
Improving management practice to reduce the frequency and severity of such incidents 
would, in some measure, contribute towards sustainable development (DETR, 1998c). 
Further guidance on such improvement has been published by the EA in the form of a 
pollution prevention guideline for working at construction and demolition sites -  PPG6 
(Environment Agency, 2000).
Table 25: Direct liabilities of a process contractor
Legislation General requirements Example of Direct Aspect
Health and Safety at 
Work Act 1974
General duties to protect employees and the general 
public.
Control o f all demolition activities
EPA90 pt I /  PPC 
1999
Permitting of prescribed processes Release o f materials 
(commissioning)
EPA90 pt II Waste management licensing. Duty of Care (waste) Control o f construction waste
EPA90 pt IIA Contaminated land regime -  liability for those w ho . 
have caused or knowingly permitted contamination.
Containment & clean-up of 
accidental spillage
EPA90 pt III Statutory nuisance requirements General site housekeeping
Control of Pollution 
Act 1974
Provisions for noise control on construction sites Control of construction noise
Water Resources 
Act 1991
Protection of water resources - liability for those 
who cause or knowingly permit pollution of 
controlled waters.
Control o f site drainage
Water Industries Act 
1991
Provisions for trade effluent Control o f domestic effluent
Clean Air Act 1993 Includes prohibition of dark smoke On-site burning of waste prohibited
N.B. liability of the process contractor for some offences may be dependent on whether or not the client 
has been granted a permit under EPA90 or Pollution Prevention and Control at the time of the offence.
Commitment to legal compliance is one area of a certified EMS. In addition, ISO 14001 
(1996) requires continual improvement of environmental performance through 
establishing objectives, targets and procedures. In order to measure and monitor the 
organisation’s environmental performance, it becomes necessary to develop indicators
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describing this performance. Extensive work has been carried out concerning the 
development of environmental indicators for industry, both specifically for EMSs and 
more generally as part of a set of indicators for sustainable development (see Azapagic 
and Perdan (2000) for a more detailed discussion). However, for the process-contracting 
industry the development of indicators poses many challenges.
Generally, the environmental indicators currently being proposed for industry are based 
upon the grouping of environmental burdens into categories (or headline indicators) 
similar to those found within the problem-oriented approach to Impact Assessment in 
LCA. This approach was developed within ICI (1996) in its ‘Environmental Burden’ 
methodology. More recently the IChemE (2000a) proposes such categories as indicators 
of the environmental aspect of sustainable development. Azapagic and Perdan (2000) 
give a more detailed discussion of this. To enable application of these approaches the 
environmental burdens of an organisation must be quantifiable; must have available 
characterisation data to assess their contribution to the specific indicator categories; and 
must allow some form of normalisation to facilitate year-on-year comparisons on a fixed 
basis. With respect to the burdens typical of the construction industry, challenges arise 
with all aspects of this process. To highlight these, one specific issue is discussed: 
airborne particulates from construction sites.
In June 1999 the DETR’s construction monitor highlighted the problem of particulates 
from construction sites, noting that the effect of airborne particles on health is an issue of 
growing concern (DETR, 1999e). The DETR has commissioned the Building Research 
Establishment to develop Codes of Practice for the control of such emissions. Within the 
L’UK EMS there are three aspects related to this issue:
1) Suppression of dust from construction;
2) Covered storage of construction materials; and
3) Control of demolition activities.
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Whilst all three aspects have been identified as having high priority for improvement, to 
establish an indicator for current practice and for future targets poses several difficulties.
a) It is not possible to measure the quantity or size distribution of particulates 
being released because of the dispersed and intermittent nature of their 
generation.
b) The releases have different impacts dependent upon on the different particle 
properties, release rates and pathways to receptors, so that aggregating into an 
impact category is, to say the least, problematic.
c) The releases generated will be highly dependent upon the activities performed 
on specific projects, both in terms of the location and type of technology being 
supplied. Direct comparison of impacts between projects at present appears to 
be impossible.
These difficulties are not specific to airborne particulates, since many of the aspects are 
not directly quantifiable. Even for those aspects that can be quantified, e.g. waste arising, 
the problem of comparability between projects remains. The scope of each project 
carried out by L’UK is unique and is influenced by many variables, including: type of 
technology supplied (e.g. from energy-from-waste to sulphuric acid plants); scope of 
works (e.g. including or excluding civils); site condition and location etc. In terms of 
LCA, no two projects can be said to have the same functional unit. Even within 
technology subgroups (e.g. waste-to-energy) the variations between the scope of the 
project and site specific issues results in large differences in impacts between projects. 
This makes comparisons between different projects on the basis of impact caused 
extremely difficult. Discussion with Forrester (2000), environmental advisor at AMEC, 
has revealed that this is a common problem faced by the contracting industry as a whole. 
Such issues mean that it is not feasible to adopt the currently proposed indicators for 
measuring environmental performance of the organisation.
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A possible solution to the difficulties encountered, which is being developed within this 
work, is to take a risk-based approach. The risk associated with an activity is determined 
by a combination of:
a) the magnitude or severity of harm; and
b) the probability that the harm will occur (or the inverse of the degree of control 
placed on that activity).
Reductions in risk can then be achieved through either reduction in the severity of harm 
through substitution of specific elements of the activity or by placing an increased level 
of control on the activity to reduce the probability or frequency of occurrence (see Figure 
43). For many aspects the severity of harm will be influenced by the technical and 
contractual requirements of the project, and thus may be ‘fixed’. In this case, 
improvement will be based solely on improved levels of control, as compared with a 
predetermined baseline (A to B in Figure 43). It should also be recognised that legal 
requirements may determine maximum acceptable levels of severity or minimum levels 
of control and thus determine an area of unacceptable risk (shaded in Figure 43).
Figure 43: The risk matrix
Risk = Severity of Harm * Probability of occurrence 
Probability o f occurrence oc 1 / Level o f Control
Increasing 
severity 
o f harm Legal maximum allowable severity
- ,   ^Reduction in risk .B <------------------A
Area of 
unacceptable 
risk
Legal
minimum
level o f 5 l ! g ||! ! |! |
control ,am
Increasing probability o f occurrence 
or Decreasing level o f control
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Through controlling activities to achieve reductions in risk, it is inferred that an 
improvement in environmental performance will also be achieved. This avoids the 
necessity for methods of quantifying the actual environmental impact. Obviously, such an 
approach can only give a qualitative indication of the risks. However, using guidance on 
best practice as a benchmark can provide a basis for the development of risk indices, such 
as that in Table 26, and encourage the improvement of all activities towards best practice 
(which itself improves over time). Moreover, this approach should overcome the 
problems of different scope of activities, since performance tracking will be based on 
improvement of standard procedures, method statements and work instructions for 
carrying out generic activities and not on the project specific impact caused (i.e. increased 
levels of control). An example of possible risk factors for the aspect ‘suppression of dust 
from construction’ to reduce impact of airborne particulates is given in Table 26. In this 
case increasing levels of dust suppression could achieve reduction of the control factor 
and hence reduced risk. In specific cases it may be necessary to remediate contaminated 
land prior to construction to reduce the severity factor (there may also be a legal 
requirement for this under planning or the contaminated land regime).
Table 26: Possible risk factors for ‘Suppression of dust from construction’.
Severity Factor Control Factor
Site contaminated 10* No Controls 10
Possible contamination 9* Dust damping in dry weather or 
vehicle wheel washing
8
No identifiable contamination 6 Dust damping in dry weather and 
vehicle wheel washing 
Respiratory masks for specified site 
personnel plus damping and washing
7
5
*If assigning this severity factor Planning requirements and the Contaminated Land Regime must be 
investigated to determine whether there is a need for further sampling or remediation.
Since the risk associated with all aspects will be expressed on equal terms (a risk score 
out of 100), then all risks can be aggregated to give an overall risk indicator for each 
project (see Figure 44). To achieve this, each of the 96 generic aspects identified within 
the L’UK EMS would be categorised according to the groups in Figure 44. Scores can
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then be aggregated and analysed according to the phases of the life cycle, whether the 
aspects are direct or indirect and whether they are due to planned or unplanned activities. 
Moreover weighting can be placed on aspects to emphasise those that are considered to 
be more significant. Such a weighting exercise has been carried out within the L’UK 
EMS (see Annex V) to identify those aspects with high priority for control, based upon 
scores obtained from the following six-point checklist developed within L’UK.
1. Does L’UK have a legal obligation with respect to this aspect?
2. Is there an alternative way of carrying out the activities related to this aspect which has 
lower impacts? (i.e. is there an alternative that represents Best Practice / BAT?)
3. Does/can this aspect have an irreversible or persistent impact on the environment or risk 
of danger to health or safety of people? (irrespective of probability of occurrence)
4. Does/can the aspect make a major contribution to one or more of the ‘global concern’ 
impact categories?
5. Do corporate/company policies (including objectives or targets) or other requirements to 
which the organisation subscribes cover this aspect?
6. Is this aspect of concern or of nuisance to clients, to the local community or to society in 
general?
Figure 44: Hierarchical aggregation of risk, developed for L’UK EMS
Total project environmental Risk
Design Construction/ Operation Maintenance Decommissioning
Commissioning
Direct Indirect Direct Indirect Direct Indirect Direct Indirect Direct Indirect
96 Lurgi UK generic aspects
Risk = Severity of Harm * Probability of occurrence 
Probability of occurrence oc 1 / Level of Control
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Continual improvement of the organisation as a whole would be demonstrated through 
achieving reductions in total project environmental risk, as compared with previous 
projects. This is essentially the risk associated with L’UKs service provision of 
engineering expertise and project management. Over the longer term, rolling averages 
(e.g. 5 year average) could be used to even out minor fluctuations in risk between discrete 
projects. The next stage of development of this approach is ongoing and the level of 
success will become apparent when the L’UK EMS is fully implemented and the 
associated risks fully quantified.
4.3 ‘Indirect’ aspects of existing technology portfolio
Up to this point, the discussion has focussed upon examples of the direct aspects and 
impacts of a process contracting company. Whilst this is undeniably an important area 
that needs to be addressed when making a company more sustainable, the indirect aspects 
- those associated with its products or services - far outweigh the direct aspects in terms 
of total impact caused. With respect to the impact of buildings, it has been demonstrated 
that the energy consumed during the lengthy use phase outweighs any other impacts, 
including those associated with construction (Horsley et al., 2000). For the 
manufacturing and process industries, the use phase is also the ‘hot-spot’ in the 
installation life cycle, as verified for the glass industry (Nicholas et al., 2000; and section 
3.2 of this portfolio). Therefore, the greatest environmental benefits will be gained from 
reducing the indirect burdens of the process-contracting company.
As with the direct burdens, the impacts of indirect aspects must be included within an 
EMS. The indirect aspects must meet legislative requirements and must be subject to 
continual improvement. With respect to the aspects identified for L’UK, the indirect 
burdens are strongly influenced by the process design of the installation, which 
determines the way it can be operated, maintained and decommissioned. Additional 
indirect burdens are influenced by aspects such as the degree of client training provided 
by the contractor and the depth of information, including consequences of mal-operation, 
included within operating manuals. If a process contracting company can make
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improvements in installation design, so as to reduce the indirect burdens, significant 
contribution would be made to sustainable development.
These improvements are occurring, driven by the established legal mechanisms for 
pollution control. Whenever new technology is marketed, it must comply with the latest 
regulatory standards. The basis of these standards is and has been continual improvement 
to ensure the use of the best technique within given cost restraints. Whether that was use 
of Best Practicable Means, Best Available Technique Not Entailing Excessive Cost or 
now Best Available Technique under PPC, industrial pollution control legislation ensures 
a tightening of control. In addition, the scope of pollution control has become more 
holistic (see section 2.1.3); for example PPC for the first time includes decommissioning 
as an issue for consideration when choosing BAT (Pollution Prevention and Control 
(England and Wales) Regulations 2000 (SI 2000 No. 1973)). The process-contracting 
companies play an essential role in the improvement process. Through the provision of 
research and development facilities and the promotion of improved technologies, the 
boundaries of environmental protection can be continually moved forward. All process- 
contracting companies, and not just those engaged in the environmental technology 
market, have a key role to play in advancing BAT through global dissemination of 
knowledge concerning cleaner technology. It is essential that environmental 
considerations are included within the organisation’s research, development and design 
functions. In this respect, process-contracting companies play a key role in contributing 
‘to the transfer of environmentally sound technology and management methods 
throughout the industrial and public sectors’, as promoted by the ICC’s business charter 
for sustainable development (ICC, 2000).
In examining the gradual tightening of legislation, it is also worth considering that 
process-contracting companies should design for ‘upgradability’. Current thinking for 
consumer goods is to extend the lifetime of a product (or components within the product) 
to reduce demand for raw materials. To a certain extent this may be beneficial in the 
process industry since it will reduce the environmental burdens associated with 
construction and decommissioning. However, since the majority of the burden is
MJ.Nicholas 151
Chapter 4 -  Sustainable Development and the Process Contracting Industry
associated with the operating phase, it may not be beneficial to establish an ageing 
inventory of relatively low efficiency process technology (as compared with the possible 
state-of-the-art in ten or fifteen years time). Thus, although design for durability is an 
important factor, this must be coupled with some flexibility to allow upgrade of 
installations to the requirements of possible future legislation, without requiring major 
demolition and reconstruction work.
Whilst the tightening of legislation ensures that a process-contracting company is able to 
achieve some degree of continual improvement in the environmental performance of 
technology supplied, achieving improvements which go beyond BAT is more difficult. 
Prior to and during the tendering process, the contracting company will usually enter into 
dialogue with the client to discuss available techniques. At this stage the process 
contracting company can do much to stress the advantages of going beyond the legal 
minimum, for example, preparedness for more stringent legislation within the lifetime of 
the installation. In addition, clean technologies can be promoted which have the added 
benefits of improved efficiencies and reduced operating costs. The final specification of 
technology to be supplied, however, will always be selected by the client, with the 
majority of decisions being made on an economic basis.
As highlighted by Jackson (1996), traditional economic procurement procedures can 
hinder the implementation of environmentally beneficial technologies. End-of-pipe 
solutions are perceived as costly, and generally involve a net investment. Where these 
technologies are required, the winning contractor will often be the one with the Cheapest 
Available Technique Not Incurring Prosecution (CATNIP). With respect to clean 
technologies, there is potential for payback through improved efficiencies. However, 
operating costs are not always included within procurement procedures. Even when 
lifetime costs are considered, the traditional discounting approaches to cash flow and the 
immediate requirements of shareholders are biased towards short-term decisions, with the 
result that lower capital costs will still be favoured above the long-term benefits of 
resource and energy efficiency (Jackson, 1996). Therefore, with respect to continual
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improvement of indirect burdens, the process contracting company is dependent on the 
willingness of its clients to improve their own environmental performance and their 
willingness to consider the lifetime cost of the proposed technique.
The challenge facing contracting companies who wish to improve their indirect burdens 
is to develop solutions that both result in reduced environmental impact and which are 
competitive on a capital cost basis. To achieve this could involve moving beyond their 
existing technology portfolios to develop new technologies or move into new market 
areas.
4.4 ‘Direct’ and ‘Indirect’ aspects of future technology portfolios
It has been discussed that the adoption of a certified environmental management system 
requires improvements in the environmental performance of an organisation. But, does 
an EMS ensure that a company will become more sustainable? ISO 14001 (1996) has 
been criticised for not guaranteeing good environmental performance. Whilst it requires 
companies to make efforts to ensure legal compliance and continual improvement, the 
actual performance of the organisation could be anywhere from “just avoiding 
prosecution” to “best in class”. Moreover, in the same way that IPPC can ensure good 
environmental control of the manufacture of an essentially unsustainable product 
(Nicholas et al., 2000), ISO14001 does not prevent the organisation’s activities from 
being unsustainable. However, in the hands of a responsible company a certified EMS 
can provide a good, voluntary framework to establish objectives and targets to move a 
company towards sustainability.
In terms of long term strategic planning, how can a process-contracting company 
progress towards sustainability? It is generally agreed that sustainable development 
requires significant change. Whether the improvements required are in the magnitude of 
factor four or factor ten (von Weizsacker et al. 1997; Factor 10 Club, 1995), the change 
required is likely to involve step changes in technology, as opposed to incremental
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improvements in existing practice. The move towards a service-based or knowledge- 
based economy has been cited as an example of such a step change (DTI, 2000b). 
Therefore, process-contracting companies must examine the technologies within their 
portfolios and the manner by which their business is carried out, in order to seek 
opportunities to develop clean technology solutions to meet the needs of both their clients 
and society as a whole.
An example of a company undergoing such a transformation is ABB. As a signatory to 
the ICC Business Charter for Sustainable Development, ABB is a recognised leader in 
integrating sustainable development issues into corporate strategy (ICC, 2000). In 
addition to the implementation of ISO 14001 (1996) across all manufacturing and service 
sites, ABB is establishing environmental goals and improvement programmes for core 
product lines based on life cycle assessment, resulting in environmental product 
declarations. Recently ABB announced that, within the power sector it was diversifying 
its large-scale power generation business to focus on alternative energy and small-scale 
distributed power generation, fuel cells and microturbines. Therefore, it can be seen that 
the issues surrounding sustainable development are influencing the marketplace and the 
technologies supplied. Importantly, this transformation is being lead by senior 
management. In a statement written by the President and CEO, Goran Lindahl, four 
principles for progress are outlined (ABB, 2000):
• “We can run our own operations in a way that causes minimal avoidable 
damage to the environment and develop methods that are cleaner and more 
efficient;
• we can develop and manufacture products that give people the benefits they 
seek without harming the environment or using its resources unsustainably;
• we can share our new technologies with developing countries to help them 
avoid the mistakes that industrialised countries made during their own 
development; and
• we can take our own initiatives to participate in international common efforts 
to improve the world's environment.”
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In 1992, Lurgi AG’s holding company, Metallgesellschaft (MG), signed the ICC charter. 
As part of its approach to integrated environmental management a member of the 
executive board of each group company was appointed as responsible for ensuring that 
environmental protection is part of corporate strategy. With respect to the technology 
portfolio, MG set the following objective: “With any new activity, such as the 
development of new processes and materials or the building of plants, it is first 
established whether it benefits the environment overall. If not, it is refrained from” (MG, 
1993). As a reflection of this, MG has stated that environmental services are a strategic 
area which is shaping the direction of the group (MG, 1993). During 2000, MG 
announced that it was to focus on the supply of environmental technologies, together with 
life sciences, chemicals, polymers and fibres, all seen as growth markets (MG, 2000).
Whilst it is encouraging that leading process-contracting groups have identified the 
potential for development of new, cleaner solutions, it must be considered that in order to 
gain overall improvements the entire contracting sector must improve. An overall 
improvement may not be achieved if ‘dirty’ technologies are divested to another company 
that continues their marketing (i.e. shifting the environmental burden elsewhere). 
Likewise, overall improvement will only be achievable if clients are willing to accept 
novel process solutions, to ensure that clean technology displaces traditional processes. 
This must occur on both the national and global scale, so that developing countries avoid 
the implementation of ‘dirty’ technologies, in effect learning from the mistakes of 
developed countries (Anderson, 1992; Munasinghe, 1995; Jackson, 1996). As with 
improvements to existing technology, process contractors play an essential role in 
promoting the global transfer of new, cleaner technologies (ICC, 2000; ABB, 2000).
In order to implement novel techniques it may be necessary for contractors to adopt new 
forms of relationship with their clients. Paul West, Quality Regulation Manager, North 
West Water has highlighted that moving towards sustainability will require stable 
collaboration between the project stakeholders (Turton, 1998). Within process
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contracting this could be achieved through building alliances between process 
engineering and client companies for the provision of long term service contracts. Such 
arrangements would allow the process-contracting company to enjoy a greater depth of 
knowledge relating to the client’s processes. In addition partnerships would enable the 
contractor to establish a long term programme of research and development in order to 
provide integral process solutions, as opposed to short term benefits by virtue of minor 
refits; i.e. a move from end-of-pipe design to clean technology.
Bennett (1998) highlights that a barrier in the formation of long-term partnerships has 
traditionally come from ‘competitive bidding’ procurement processes. These 
requirements are common within quality systems and in some cases are required by law; 
For example the EU rules on procurement of assets and services for the public sector 
which require tenders to be put out for competitive bidding, including advertising through 
a dedicated internet site (Tenders Electronic Daily, 2000). Bidding procedures are 
established to prohibit corruption and ensure good competition and hence good value; 
however they are not suited to the complex issues involved when establishing 
partnerships. Whilst traditional tendering procedures are applicable for the predefined 
contractual requirements of specific projects, they do not allow for evolution of the 
project and the flexibility that is required in the provision of a service. It is suggested that 
new procurement practices must be developed, based on open negotiations, performance 
standards and shared risk. Bennett (1998) highlights that in the UK such a system exists 
in the form of the Private Finance Initiative (PFI), which allows for a negotiated 
tendering approach for the provision of a service over a predetermined timespan. For 
example, the service required could be provision of a hospital, including all energy and 
maintenance requirements, over a predetermined period of 20 years. According to 
Horsley et al. (2000), whilst PFI has the disadvantage of being a costly form of bidding 
this is compensated by greater flexibility in design options based around the provision of 
a service. In addition, since PFI exposes the contracting company to a new risk, i.e. 
liability for a greater segment of a facility’s life cycle, it may also raise the profile of the 
total life cycle cost and impact of the project. A question is raised - Does the PFI
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negotiated tendering approach, currently limited to the public sector, provide a model for 
the establishment of long term service contracts throughout industry?
What will be the processes and technologies of the future? In 1997 the Institution of 
Chemical Engineers commissioned the Future Life Report in order to answer the question 
(IChemE, 2000b). The conclusions include:
• Water -  development of systems for the increased recycling of ‘grey’ water and 
use of seawater.
• Energy -  a hydrogen economy supported by renewable energy and nuclear power, 
including electric vehicles to reduce urban pollution.
• Factories -  miniaturisation to allow local production and increased synergy 
between industries moving towards zero emissions through industrial ecology.
e Waste -  prevention of waste through a shift from selling products to leasing 
services, leading to material recovery and recycling and a life cycle approach.
• Agriculture and Aquaculture -  new technology and farming practices to reduce 
use of chemicals and environmental damage on land and at sea.
• Consumer needs -  made to measure clothing and food to ensure products meet 
customer specifications.
• Healthcare -  emphasis on prevention coupled with early warning testing methods 
and advanced implant technology.
The report concludes that chemical engineers will play a central role in developing such 
solutions.
Thus process-contracting companies have a central role in delivering more sustainable 
technologies and improving quality of life for today and for future generations. 
Companies who fail to provide new solutions, both to their products or services and the 
methods by which they are provided, will find themselves unsustainable.
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Chapter 5
Conclusions and Contributions to Knowledge 
5.1 Chapter specific summary and conclusions
Chapter 2: Developments in policies and legislation for industrial pollution control -  
Towards life cycle thinking
The holistic nature of environmental legislation
Sustainable development is commonly defined as developement which meets the needs 
of the current generation without compromising the ability of future generations to meet 
their own needs (WCED, 1987). This concept is now shaping the direction of National, 
European and International policies. Whilst it can be difficult to identify specific 
measures which contribute to sustainable development, broad objectives and principles 
have been established, including: preserving, protecting and improving the quality of the 
environment and prudent and rational use of natural resources.
The principle of sustainable development recognises the needs of cultures worldwide and 
as a consequence of this, developing environmental policies are now addressing 
environmental issues from a global perspective. One of the most pressing of these is 
perceived to be global warming and hence global targets for reduction of greenhouse 
gases have been established. The implications of this for the process industries is that 
pollution control legislation is moving from its traditional focus on the protection of local 
environmental conditions towards protection of the environment as a whole.
The Directive on Integrated Pollution Prevention and Control (IPPC) has adopted the 
holistic approach to environmental protection (Council Directive 96/61/EC). IPPC has a 
wider scope than current UK legislation, covering issues which were previously outside 
the scope of Part 1 of the Environmental Protection Act 1990, including: consideration of 
raw material and energy efficiency, noise, off-site waste disposal and accident prevention 
. The wider scope of IPPC will require the Environment Agency to revise its 
methodology for determining the Best Practicable Environmental Option and will enable 
the Agency to meet its wider obligations to contribute towards sustainable development.
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Life Cycle Assessment and Policy-Making
Life Cycle Assessment (LCA) provides a methodology for evaluating the inputs, outputs 
and environmental impacts associated with a product, process or service (ISO 14040, 
1997). LCA takes a holistic approach in that it requires examination of whole systems 
from acquisition of raw materials, through manufacturing and use, to final disposal -  
from ‘cradle-to-grave’. The methodology is based around the mass and energy balance 
of a defined system. Once the system boundaries and aims of the assessment have been 
established (Goal and Scope Definition), the environmental burdens within the defined 
system must be identified and quantified (Inventory Analysis). These burdens are then 
classified according to their contribution to a smaller number of environmental impacts 
(Impact Assessment). These impacts include ozone depletion, global warming, human 
toxicity, depletion of non-renewable resources etc. By reducing a large number of 
environmental burdens to a small number of impacts it becomes easier to compare very 
different products or services, based on the equivalent function that they perform. 
Alternatively, LCA can be used to highlight ‘hotspots’ in a life cycle, i.e. the stages 
causing greatest environmental harm. Above all, the life cycle approach ensures that 
reduced environmental burdens at one point in the cycle are not met at the expense of a 
greater increase in burdens elsewhere.
The holistic perspective offered by LCA has lead to its increasing use in the field of 
policy-making. During the past few years LCA has been applied to guide European 
policy for packaging (European Parliament and Council Directive 94/62/EC), end-of-life 
vehicles (Schmidt and Beyer, 1999), waste electrical and electronic equipment (European 
Commission, 2000) and eco-labelling (Curran, 1997; Croner, 2000). Within the UK, the 
Government waste strategy for England and Wales (DETR, 2000a) highlights that LCA 
is a necessary approach for evaluating the overall impact of different waste management 
options. Two areas of policy where LCA has potential for future application are with 
respect to the assessment of BAT under the IPPC Directive and the development of an 
Integrated Product Policy, which has life cycle thinking as a cornerstone. It has been 
identified that there is a need for research examining the application of LCA to these two
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new policy areas and also to improve the general level of use of life cycle approaches in 
the policy-making context.
Policy-making involves a complex and iterative process based around the recognition of 
problems, the establishment of policies, scientific and economic assessments and the 
setting and review of standards (RCEP, 1998). Throughout this process people’s values 
influence the decisions that are made and it has been highlighted that, in order to build 
trust in policy-making, these values should be explored at the earliest stages of standard 
setting and policy development through an ‘extended peer community’ review. This is of 
particular importance in the area of environmental policy-making, which involves a high 
degree of scientific uncertainty and a range of values and legitimate solutions (Funtowitz 
et al., 2000; Funtowitz and Ravetz, 2000).
Life Cycle Policy Mapping: An environmentalpolicy-support tool 
One of the major challenges facing future policy-makers will be to co-ordinate the 
various different areas of policy that influence the life cycle (for example process, 
product or waste policies), in order to minimise environmental impact and to help move 
the system towards sustainability (Nicholas, 1998; Ernst & Young and SPRU, 1998). 
During this research. Life Cycle Policy Mapping (LCPM) has been developed to support 
the adoption of life cycle approaches within policy-making and to bridge the gap between 
LCA and the policy-making process. It can be used either to support the development of 
an integrated network of co-ordinated policies through the promotion of life cycle 
thinking during policy-making, or to support a case specific BPEO or BAT assessment 
under existing legislation.
At a conceptual level, LCPM is used to identify the scope of policies with respect to the 
different stages of the life cycle. At any given point in time, certain areas of policy 
(regulatory or other) will influence specific stages of the life cycle. Over time, these 
areas of policy may expand in scope, or new policies may be developed to influence other 
stages in the life cycle. LCPM identifies these developments and can indicate those 
stages that are not influenced by policy or those stages where different areas of policy
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overlap and have the potential to conflict. Thus LCPM encourages policy-makers to 
examine the influence of and relationship between all policies that cover a life cycle. In 
addition the existing LCA methodology can be applied to analyse and compare the life 
cycle impacts of different policy measures.
The methodological framework proposed in this work is an extension of the standard 
LCA methodology presented within the ISO 14040 series and includes a greater emphasis 
on the iterative process and the need for stakeholder consultation. With respect to Goal 
and Scope Definition it is necessary to identify the system being studied, its boundaries 
and the type of policy to be assessed. It must also be considered that, as discussed 
previously, the degree of uncertainty requires an ‘extended peer community’ review and 
thus the study must be presented in a clear and transparent manner to facilitate 
understanding amongst a wide audience. Inventory Analysis for LCPM has been divided 
into five sections:
• IA1 -  Process Flowchart : generation of a graphical representation of the system
• IA2 -  Data Collection : restricted stakeholder consultation involving the collection of 
system data from stakeholders associated with the major stages of the life cycle
• IA3 -  Policy Identification : identification of policies that have an influence on the 
material and energy flows (including emissions and wastes) associated with the 
system
• IA4 -  Policy mapping : generation of a policy map through mapping of the scope of 
policies on the process flowchart
• IA5 -  Data processing (optional) : Compilation of Life Cycle Inventory 
Generation of the policy map may be sufficient for the purpose of the study to promote 
life cycle thinking within policy making. Alternatively the goal of the study may require 
further data processing. Life Cycle Impact Assessment and Improvement Assessment to 
examine the impacts associated with the various different policy requirements.
If LCPM is to be used to examine the BPEO under existing legislation, then the goal and 
scope of the study, the range of options investigated during improvement assessment and 
the opportunity for inclusion of stakeholder values will be restricted by the contents of
M.J.Nicholas 162
Chapter 5 -  Conclusions and Contributions to Knowledge
the legislation being examined. There should, however, be a lesser level of data 
uncertainty, since comprehensive case specific data should be available (although 
methodological uncertainty within the assessment will remain).
During the course of the research various papers have been published (Annex II) to 
support discussion concerning developing policies for the glass industry and the potential 
for IPPC and Producer Responsibility to promote Industrial Ecology. The application of 
LCPM to a specific glass case study is discussed within Chapter 3.
Determination of BATfor Integrated Pollution Prevention and Control
As previously discussed, the IPPC Directive has a considerably wider scope than the 
current industrial pollution control regimes under EPA90. LCPM has highlighted that, 
for those products whose manufacture is listed for regulation under IPPC, the whole 
front-end of the product life cycle will be regulated, from ‘cradle-to-gate’. One of the 
theses within this research is that life cycle approaches are ideally suited to the integrated, 
holistic assessment required by IPPC to assess the technologies being considered as BAT 
and to identify those which have the lowest ‘cradle-to-grave’ impacts. The ability of 
LCA to examine the combined impact of many stages within a system is key to meeting a 
primary objective of IPPC -  that of ensuring protection of the environment as a whole -  
thus reducing the potential for transfer of impacts from one stage in the life cycle to 
another. At an EC level, life cycle thinking must be integrated into the drafting of BAT 
reference documents whilst for site-specific determination of BAT a detailed LCA is 
required. LCA must however, be combined with local impact methodologies so that both 
global and local environmental issues are included in the BAT determination process. It 
is also important to recognise that, with respect to the general principles of contribution 
towards sustainable development, whilst IPPC will result in BAT for the production of 
the product, the product itself may not be sustainable (as for example in the refinery 
sector).
The ‘cradle-to-gate’ system can be subdivided into the foreground and background sub­
systems. The foreground system comprises the installation for which the BAT
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determination is being carried out and requires case-specific operational or design data. 
The background system includes the stages associated with off-site waste management, 
energy production and extraction and processing of raw materials, for which it is 
appropriate to use industry-averaged data. All inventory data should be related to the 
functional unit, which for IPPC will be a unit of product (or waste throughput). This 
approach enables comparison between impacts on different environmental media from 
different process techniques and the encouragement of improvements in efficiencies.
One of the remaining difficulties within the field of environmental science involves 
comparison of different impacts. If the result of Life Cycle Impact Assessment does not 
indicate a clearly preferable option, where all impacts are lower than those associated 
with alternative options, then it becomes necessary to trade-off between the different 
impact categories. When carrying out this uncertain process it is essential to maintain 
transparency, highlighting both the methodologies used and the subjective judgements 
that have to be made. Moreover, it is not considered appropriate that experts alone 
should assign weightings to the categories but it is necessary to involve a wide range of 
stakeholders in an ‘extended peer community review’.
Chapter 3: The Glass Industry: A case study 
Introduction to glass manufacturing
The manufacture of glass involves heating the raw materials (silica, lime, soda and 
recycled glass -  cullet) until molten, then forming to the desired shape. This takes place 
in large furnaces, fired with either natural gas or oil, which are capable of melting several 
hundred tonnes of glass per day. Both the combustion of fuel and the melting process 
create gaseous emissions.
Glass manufacturing is listed under EPA90 as a Part B process for Local Authority 
Pollution Prevention and Control. Within this regime glass manufacturers are required to 
upgrade their installations to meet specific emission limits before October 2001. To 
achieve this, the Best Available Technique Not Entailing Excessive Cost (BATNEEC) is 
considered to entail addition of end-of-pipe gas cleaning systems comprising dry lime
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injection to remove acidic gases and electrostatic precipitation for particulate removal. 
Within the Pollution Prevention and Control (England and Wales) Regulations 2000 (SI 
2000 No. 1973), the majority of glass manufacturing installations have been listed as a 
Part A(2) process requiring full integrated pollution control, to be authorised by Local 
Authorities. The Regulations also state that the glass industry is due to be phased into the 
new regime in 2002. Whilst the glass BAT reference document indicates that end-of-pipe 
systems will be required (European Commission, 1999a), the exact emission levels to be 
achieved are unknown and to date no existing furnaces have attempted to upgrade by 
addition of end-of-pipe systems.
‘Cradle-to-gate ’ LCA for glass
The LCA work carried out during this research is presented in two parts. Part 1 examines 
the environmental ‘hot-spots’ in the glass manufacturing process whilst Part 2 
demonstrates the application of LCA for the determination of BAT under IPPC. Both 
parts examine the life cycle from cradle-to-gate including acquisition and processing of 
raw materials, generation and supply of energy, manufacture of glass and for part 2, flue 
gas cleaning. As discussed previously this is within the scope of IPPC. In all cases 
environmental burdens are related to the functional unit of 1 kg of packed ware (finished 
product), which encourages minimisation of off-specification product.
Environmental ‘hot-spots’ in the glass manufacturing process
With respect to the environmental ‘hot-spots’, eight key indicators have been selected 
from the life cycle inventory of burdens according to those issues currently seen as 
important for the glass industry. For each of these indicators the stage within the system 
that makes the greatest contribution to that indicator has been identified as the ‘primary 
contributor’. The glass furnace (foreground system) is the primary contributor to 
emissions of NOx, SOx, and CO2 . With respect to the other five chosen indicators, the 
primary contributors are all in the background system. Soda ash production features as a 
notable ‘hot-spot’ since it is primary contributor to emissions of particulates and 
depletion of oil and water. This LCA confirms the significance of indirect burdens from 
the background system. Overall, the stages which make the greatest contribution to the
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various impact categories are the glass furnace (foreground), natural gas production 
(background), soda ash production (background) and production of electricity for use in 
the installation (background). This demonstrates that whilst the regulation of gaseous 
emissions from the furnace is important, expanding the system boundary to include raw 
material and energy use highlights many significant impacts that have previously been 
overlooked. Improvement in the environment as a whole requires reduction of both 
direct impacts from the furnace and indirect impacts from the background system. This 
could be achieved, for example, through increased cullet recycling, which would reduce 
both soda ash and gas consumption.
The determination of BATfor IPPC
In order to demonstrate the application of LCA for the determination of BAT, two 
scenarios have been published concerning, in one case, the construction of a new 
installation and, in the other, retrofit to an existing installation (Nicholas et al., 2000). In 
the first scenario, construction of a new installation, the BAT decision to be made is 
whether to use natural gas or fuel oil. LCIA demonstrates, of the nine impact categories 
available within the LCA software used (Ecobilan, 1997), eight indicate that natural gas 
has a lower impact than oil and thus in this case a gas fired furnace is clearly the 
preferable option.
With respect to retrofit of abatement equipment, two technologies have been considered, 
Pilkington’s 3R™ process for NOx reduction and Lurgi’s technology for acid gas and 
dust abatement. Both techniques are described by the European Commission (1999a). In 
both cases the retrofit technologies can be designed to achieve differing levels of 
emission removal. Considering 3R™, reduction of NOx results in reduced acidification, 
eutrophication and human toxicity, at the expense of increases in depletion of non­
renewables, greenhouse effect and photochemical oxidant formation. The relationship 
between the change in each impact category for different levels of NOx reduction is 
assumed to be linear and the assessment seems to indicate that 3R™ is on the whole 
environmentally beneficial. The final outcome, however, depends on the relative 
importance that the decision-maker assigns to each impact category.
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When installing end-of-pipe equipment for removal of particulates and acidic gases, it is 
important to consider the additional burdens that are inherent within the system. 
Reduction of acidification and human toxicity must be balanced against the increases in 
background burdens associated with the power consumption of the system. Thus, to gain 
maximum environmental benefit the gas cleaning process should be designed to achieve 
the maximum practicable reduction in pollutants. Care should be taken not to exceed the 
optimum level of pollutant removal since trying to remove all emissions would result in a 
rapid rise in background burdens caused by increased use of energy and sorbent.
The study demonstrates the importance of examining the impacts associated with the full 
operating range of a specific technology and the importance of including the impacts 
associated with material and energy consumption in addition to emissions. The 
percentage of pollutant removal required for the benefits of pollution abatement to 
outweigh the burdens inherent within the system has in this work been termed the 
‘Improvement Threshold’ (IT). It is suggested that there will be both lower and upper 
ITs, between which will lie the optimum operating conditions. The range between ITs 
and the position of the optimum operating conditions are technology dependent and must 
thus be assessed on a case specific basis. Generally, however a clean technology will 
achieve a wider IT range and lower net impact than an end-of-pipe technology, since 
clean technologies have lower levels of inherent burdens.
The study has also demonstrated that Life Cycle Assessment is an appropriate technique, 
to provide the type of integrated environmental assessment required by the Directive on 
Integrated Pollution Prevention and Control (Council Directive 96/61/EC). LCA is 
applicable to both new and existing installations. Aggregation of the different resource 
uses and emissions into a recognised set of impact categories enables technologies with 
very different environmental interventions to be compared. However, the examples also 
illustrate the difficulties in selecting a BAT, associated primarily with the trade-off of 
impacts and the methodological uncertainties within Life Cycle Impact Assessment.
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Uncertainty in Life Cycle Impact Assessment (LCIA)
During the research it has become apparent that the methodological uncertainty which 
exists with respect to the Impact Assessment stage of LCA can influence the outcome of 
a LCA study (see figures 21-30 for example). The research has examined the different 
sources of methodological uncertainty, which have been categorised as:
a) number and type of impact categories considered -  it has been identified that 
different software packages include different impact categories and that the 
availability of impact data within software can limit the impacts considered within 
a study;
b) range of burdens included within each category -  practitioners need to be aware 
that different sets of LCIA characterisation factors can include differing ranges of 
burdens and thus use choice of data set can include or exclude a burden from the 
assessment. The range of burdens included is likely to be dependent on the 
availability of toxicology data and the resources available at the time of compiling 
the data set;
c) parameters used within the modelling of impacts -  in some cases uncertainty 
exists with respect to the parameter used within the modelling of impacts. For 
example, climate change can be modelled over 20,100 or 500 years.
d) the model used for each impact category -  differences in modelling arise 
primarily from either the approach to dispersion modelling or the quantification of 
the impact (e.g. differences in toxicology data).
For the cases examining the range of burdens included within each category and the 
impact assessment modelling, impact categories have been compared and ranked with 
respect to relative uncertainty. It has been found that the toxicity categories are most 
uncertain. For other categories consensus has been reached on the range of burdens to 
include (e.g. greenhouse effect) or on the modelling approach (e.g. acidification). It must 
be considered however that current consensus does not preclude future developments in 
methodology.
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The implications of methodological uncertainty have been investigated with respect to 
the case study concerning choice of fuels for a new container glass installation (section 
3.2.2; Nicholas et al., 2000). It was found that the influence is highly case specific and 
that any differences in methodology can have a major impact on the study. In addition, 
this influence is difficult to predict prior to Impact Assessment since seemingly small 
levels of uncertainty can significantly influence the study and conversely large areas of 
uncertainty do not necessarily result in large discrepancies between assessment results.
It is recommended that in carrying out a study, all available methodologies for LCIA 
should be applied to the Life Cycle Inventory data so that the influence of methodological 
differences can be determined. Moreover, it is highlighted that practitioners must be 
transparent within their reporting, including rationale as to how the impact categories 
used have been chosen; for example, have they been restricted by the availability of data 
within software? For cases where the methodological differences and uncertainties are 
found to significantly influence the outcome of LCIA, the practitioner is encouraged to 
investigate further the source of that uncertainty.
The research has developed a method of graphical representation to enable uncertainty in 
LCIA to be represented and managed within the decision-making process. The thesis of 
this part of the research has been that, while uncertainty in LCA still remains, it can be 
more readily managed through examining the influence of uncertainty on assessment 
outcomes and hence can further aid the decision-making process.
Life Cycle Policy Mapping: Environmental polices for the glass industry 
LCPM has been applied to a typical container glass life cycle, supported by glass life 
cycle data presented in this portfolio (section 3.2) and available from the literature. The 
‘cradle-to-gate’ LCA presented in this portfolio has highlighted the environmental 
burdens associated with manufacturing, attributable to the use of fossil fuels and 
acquisition and processing of raw materials. These impacts can be reduced through 
increasing the quantity of glass recycled, or avoided through reuse of containers. The 
associated benefits of reuse and recycling outweigh any additional transport burdens.
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Barriers to recycling include cullet colour and quality problems, with an imbalance in the 
colour of glass imported to and exported from the UK posing a specific problem 
(Nicholas et al., 1998).
Policy mapping highlights a complex picture of regulation influencing the glass life 
cycle, which is currently failing to achieve a holistic approach. Whilst reuse of 
containers is the Best Environmental Option (BEO), the UK’s Producer Responsibility 
regime does not require increases in container reuse (Producer Responsibility Obligations 
(Packaging Waste) Regulations 1997 (SI 1997 No. 648)). Moreover, pressure to meet 
recycling targets may divert any collected glass away from reuse, thus further hindering 
the BEO. With respect to cullet colour, a proposed solution would entail manufacturing 
and exporting an increased quantity of green glass, in balance with imports. Policy­
makers however are encouraging the import of more colourless glass, opposing the 
majority of European practice. With respect to cullet quality, new limits for maximum 
levels of impurities have been established for packaging as a whole, irrespective of 
whether there is an actual health impact for specific packaging materials (e.g. impurities 
in glass are essentially fixed and harmless). These limits are further hindering the use of 
cullet in the UK.
When fiscal policies are included within the policy map, additional issues are highlighted. 
With respect to the climate change levy, capital tax allowances exist for energy efficient 
technologies, but not for all environmentally beneficial techniques. Thus, if the preferred 
option for the environment as a whole involves an increase in energy consumption (e.g. 
end-of-pipe technology) then installations will potentially be penalised for achieving an 
environmental improvement. The same is true of the fuel tax escalator; if BPEO involves 
an increase in transport due to the need to increase recycling, then industry will again be 
penalised for achieving an improvement to the environment as a whole. This highlights 
that, whilst fiscal policy can drive overall improvements in a required direction it may not 
promote the best environmental option for all cases. Moreover, since only a limited 
number of environmental issues can be internalised within the economy these issues may
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be prioritised above other legitimate environmental problems and an integrated, holistic 
approach is not be achieved.
Whilst Life Cycle Policy Mapping cannot overcome the problems associated with the 
trade-off between environmental impacts, it does ensure that such issues are not 
overlooked and are included within the decision-making process. It is intended that 
LCPM will be used to support debate and to aid the policy-making process to achieve an 
improved level of integration between areas of policy with the aim of protection of the 
environment as a whole and promotion of sustainable development.
The calibration o f particulate monitoring systems
As a result of coursework carried out for the ‘Environmental Measurement5 module 
(Annex IV), an important issue was highlighted with respect to calibration of particulate 
monitoring equipment. Examination of the size distribution of particulates emitted from 
glass furnaces indicates that the majority are sub-micron fume. The standard test method 
for calibration of particulate monitoring (BS 3405,1983), currently recommended for use 
in the Secretary of State's guidance to the glass industry, is not suited to collection of 
sub-micron particulates and has an expected accuracy of ± 25 %. It is highlighted that 
alternative standard test methods, more suited to collection of sum-micron fume and with 
improved accuracy of ± 10 %, are available: BS 893 (1978) and BS 6069 (1992). If 
systematic calibration errors are to be avoided then the recommendation of this research 
is that these alternatives should be considered for use as the reference test method for 
calibration of particulate monitoring in the glass industry.
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Chapter 4: Sustainable development and the process-contracting industry
By drawing parallels with the construction industry three key issues governing the 
environmental performance of process-contractors have been identified (DETR, 1998c):
1. Environmental impacts from the construction and commissioning of 
installations -  the direct aspects;
2. Environmental impacts caused by the operation, maintenance and 
decommissioning of installations -  the indirect aspects;
3. Environmental impacts from technologies that will be supplied in the future -  
both direct and indirect aspects.
In order to correctly manage and reduce these impacts an organisation should implement 
an Environmental Management System (EMS). Examples are drawn from the EMS 
being developed within Lurgi (UK) Ltd with support from this research.
With respect to the direct aspects of an organisation it has been noted that the 
construction sector is one of the highest polluting industrial sectors (Environment 
Agency, 1999). Improving management practice to identify and avoid breach of 
environmental legislation should reduce the frequency and severity of environmental 
incidents during construction of installations. With respect to continual improvement of 
environmental performance, there are several challenges facing process-contractors due 
to the changing nature of installations supplied and the difficulties in quantifying burdens 
and their impact. It is proposed that a risk-based approach will overcome these 
difficulties. Under this approach, continual improvement would be demonstrable through 
modification of the contractor’s procedures in order to reduce the risk associated with the 
organisations activities.
The indirect aspects of a process contracting company, associated with the operation of 
the installation, generally outweigh the direct impacts of the company. Since these are 
mainly influenced at the design phase of the installation it is vital that process contracting 
companies design to reduce life cycle impact. It is difficult, however for process- 
contracting companies to achieve improvements in this area since the client is inevitably 
the decision-maker with respect to the specification of technology. Whilst improvements
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in technology are occurring, driven by the tightening of legislation, process-contracting 
companies are entirely dependent on the willingness of clients to extend beyond the 
minimum legislative requirements and to consider the wider environmental issues. The 
challenge for process contracting companies is to design installations for ease of upgrade 
for future legislative requirements and further to develop solutions that result in both 
reduced environmental impact and a competitive advantage in economic performance.
The process contracting-industry as a whole must ensure that clean technology replaces 
traditional processes. In order to achieve this, new “client/contractor” relationships may 
be required to enable partnerships to be formed to implement long-term projects. Since 
traditional competitive bidding and tendering procedures are not suited to the complex 
issues and flexibility required for such partnerships, it may also be necessary to develop 
new tendering procedures; e.g. the negotiated approach of the Private Finance Initiative 
(Bennett, 1998; Horsley et al., 2000).
Process-contracting companies can do much to reduce their direct and indirect 
environmental impact and have a central role in delivering sustainable technologies and 
improving quality of life.
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5.2 Contributions to Knowledge
Throughout the research, publications and conference presentations have supported 
dissemination of the contributions to knowledge in the field of environmental technology. 
The papers and other material presented can be found in Annex II.
The most significant contribution to knowledge is the proposal that LCA should be 
applied to support the BAT decision-making process. The initial concept was presented 
at the IChemE’s ‘International Conference on Controlling Industrial Emissions’ in 
November 1997. Since then, the supporting case study work has been presented at the 
IChemE’s ‘Reasearch 2000’ and at a ‘Presentation for Britains Younger Engineers’ to 
Members of Parliament at the House of Commons in December 2000. The extended 
paper has also been published in the Transactions of the Institution of Chemical 
Engineers (Nicholas et al., 2000 -  Annex II). The research has been cited by the Royal 
Commission on Environmental Pollution (1998) in its 21st report and by the 
Environmental Analysis Co-operative (2000) in their work being carried out under 
contract from the Environment Agency to support the revision of the BPEO methodology 
El. Recently the research has been discussed directly with the Environment Agency. It 
is thus clearly demonstrated that the research has made a contribution to knowledge and 
as a consequence has ensured that the use of LCA to support the determination of BAT is 
receiving serious and active consideration.
Specific contributions to knowledge arising from the application of LCA to the 
determination of BAT include:
• identification of the ‘cradle-to-gate’ pollution ‘hot-spots’ for glass manufacturing;
• investigation of the impacts associated with furnace firing, demonstrating that 
natural gas is the preferable fuel;
• investigation of the impacts associated with 3Rs™ and acid gas / dust abatement;
• the necessity to investigate the impacts associated with the whole operating range 
of a given technique in order to optimise environmental performance, including 
the concept of “Improvement Thresholds”.
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With respect to Life Cycle Policy Mapping, policy maps have been used to support 
publications with contributions to knowledge covering several issues, including:
• The holistic nature of developing legislation (inch IPPC and Producer 
Responsibility), the co-ordination of policies and the application of LCA to 
decision-making (Nicholas, 1998c).
• The relationship between IPPC and producer responsibility and the potential 
for these areas of policy to promote industrial ecology (Nicholas et al., 1998).
• Specific developments in legislation for the glass industry (Nicholas and 
Terry, 1998; also presented at the spring meeting of the Society of Glass 
Technology, 1998)
These articles have been well received and with respect to the glass industry (Nicholas 
and Terry, 1998), the author was invited to make a further contribution to the 
environmental special issue of ‘GLASS’ (see following discussion on calibration). It is 
also anticipated that publication of the LCPM methodology is imminent.
The observation that the currently recommended standard test method for calibration of 
particulate monitoring equipment may be better replaced by an alternative, more suitable 
standard test method is an important contribution to knowledge with respect to 
improvement of the environmental performance of the glass industry. In addition to 
publication in a trade journal for the glass industry (Nicholas, 2000), the work has been 
discussed directly with those responsible for compiling the Secretary of State’s guidance 
at the Environment Agency who are now investigating the alternative test methods. It is 
hoped that this research will influence the new glass guidance note to be prepared during 
Spring 2001 and thus improve the accuracy of particulate monitoring in the glass 
industry.
The need to investigate the influence of uncertainty in LCIA on the outcome of a LCA 
study has been highlighted in the publication Nicholas et al., (2000). Within the paper it 
is proposed that whilst methodological issues remain unresolved, decision-makers must 
be aware of and informed by all differing LCIA methods and should in all cases state 
which methodologies have been used. The work demonstrates a form of graphical
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representation to enable the uncertainty to be more readily managed within the decision­
making process.
The role of the Research Engineer, providing environmental expertise during 
implementation of an Environmental Management System, will ensure that 
environmental issues are a key consideration for top management during business 
decision-making within Lurgi (UK). The research has promoted the understanding of the 
importance of integrating environmental issues within the organisation and has thus 
played a central role in motivating the practice of a leading process contracting company 
towards sustainability. In addition, the research is making further contributions to 
knowledge by developing methods to overcome some of the challenges faced when 
implementing an EMS within the process-contracting industry.
The overarching thesis of this research has been that Environmental Systems Analysis, 
and specifically Life Cycle Assessment, provides a sound basis for drafting and 
implementing environmental legislation, for interpreting and responding to that 
legislation and for guiding responses to the new holistic approach summed up by the term 
"Sustainable Development”. This thesis has been explored through specific case studies, 
selected because they are within the interests of Lurgi (UK) but are general in their 
implications. The contribution to knowledge of the research lies primarily in the analysis 
and illustration of the importance of applying concepts from systems analysis in 
environmental management and thereby to the sustainable development of human 
society.
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